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ABSTRACT
LEAD AND CRIME: AN ECOLOGICAL STUDY BETWEEN LEAD
CONTAMINATED TOPSOIL AND VIOLENT CRIME
Brian Guinn
November 19, 2018
Lead is a known neurotoxicant. Human exposure to lead comes primarily through
environmental exposures, including remnant lead paint, lead contaminated topsoil and
lead contaminated water. Prenatal and early life lead exposure has been associated with
numerous neurocognitive and neuropsychiatric disorders. This dissertation presents
findings from an ecological study which evaluated the geospatial association between
topsoil lead content and the incidence of FBI designated violent crime in Jefferson
County, Kentucky.
A total of 412 topsoil samples were collected along roadways (n=300) and from
Louisville Metro Parks (n=112). Jefferson County crime data was obtained from the
Louisville Metro Police Department – Crime Information Center. Shared areas of higher
than expected rates of FBI designated violent crime was designated as the Study Area.
Three Control Areas were established based upon their low to expected rates of violent
crime. The Control Areas were located northeast, southeast and southwest of the Study
Area. Spatial Error Model was used to compare topsoil lead content between the Study
Area and the three Control Areas. A Bayesian sparse spatial generalized linear mixed
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model (SGLMM) was used to evaluate the geospatial association between violent
crime and topsoil lead content while controlling for eight pertinent census-tract-level
covariates.
Spatial Error Model results showed that the Study Area had an approximate 8-fold
increase in topsoil lead content compared to the referent Control Area. Unadjusted
SGLMM, found that every 100-unit increase in topsoil lead content was associated with a
62 percent increased risk for violent crime events per census tract (RR=1.62, 95%
CI:1.59, 1.64). The full SGLMM, which controlled for eight census-tract-level covariates,
found that every 100-unit increase in topsoil lead content was associated with a 5 percent
increased risk for violent crime events per census tract (RR=1.05, 95% CI: 1.03, 1.08).
The results of this study are based upon an ecological study and should be
interpreted with caution. However, these findings provide a rationale for the design of
future studies aimed at exploring the relationship between lead poisoning and subsequent
criminality.
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I. RATIONALE, OBJECTIVE, SPECIFIC AIMS, and HYPOTHESES
The Federal Bureau of Investigation defines violent crime as murder, forcible
rape, aggravated assault, and robbery (1). In 1960, the U.S. violent crime rate was 160
per 100,000 (2). Between 1960 and 1991, the incidence of violent crime rose steadily,
peaking in 1991 with a rate of 758 per 100,000. Following 1991, the incidence of violent
crimes unexpectedly began a stable descent. By 2016, the incidence of violent crimes had
fallen to 386 per 100,000, a rate not seen since 1969 (1, 3).
In 2007, environmental economist Jessica Reyes published a paper which found
that reductions in childhood lead exposure in the late 1970’s predicted violent crime
reduction in the 1990’s. Reyes noted that the Clean Air Act regulations concerning leaded
gasoline were responsible for a 56% reduction in violent crime in the 1990’s (4). Since
the 1990’s, numerous epidemiological studies have found associations between lead
exposure and subsequent criminality (5-9). The growing body of scientific literature
implicating remnant environmental lead as a possible causal mechanism for violence has
since garnered the title, the lead-crime hypothesis.
The plausible mechanism behind the lead-crime hypothesis is lead’s innate
neurotoxic effects. Pre-natal and early life lead exposure have been associated with
abnormal development of the serotonergic system and the pre-frontal cortex (10, 11).
These neurological alterations have been associated with violent behavior and/or
criminality (10, 12, 13)
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This dissertation explored the lead-crime hypothesis by comparing topsoil lead
content to the incidence of FBI designated violent crime. To evaluate topsoil lead
content, 412 topsoil core samples were extracted using the ESS Lock N’ LoadTM system.
These topsoil samples were one inch deep and weighed approximately 10 grams. All
topsoil samples were collected from four pre-determined areas in Jefferson County, KY;
the Study Area and three Control Areas. Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) analysis was used to determine topsoil lead content. The geospatial distribution
of topsoil lead content was then compared to the geospatial distribution of FBI designated
violent crime as documented by the Louisville Metro Police Department’s (LMPD)
Crime Information Center. All FBI designated violent crimes as recorded by LMPD
between January 1, 2012 and December 31, 2016 were used to evaluate the geospatial
distribution of violent crime in Jefferson County, KY.
The primary objective of this study was to assess whether there is a geospatial
association between lead contaminated topsoil and the incidence of violent crime in
Jefferson County, KY, using an ecological study design. The subsequent aims of this
study were guided by the following research questions:
1. Is there a non-random pattern in the geospatial distribution of violent crime
throughout Jefferson County, KY?
2. Is violent crime more prevalent in areas of Jefferson County, KY, where there is
evidence of lead contaminated topsoil?
These research questions were assessed by the following specific aims.
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Specific Aim 1: Use Geographic Information Systems (GIS) to examine the geospatial
distribution of violent crime throughout Jefferson County, KY
The following actions were carried out to explore this aim:
a) Obtained the addresses for FBI defined violent crimes committed in Jefferson
County, KY, from January 1, 2012 – December 31, 2016.
b) Created pin maps to assess the distributions of each violent crime type in
Jefferson County, KY.
c) Used Kulldorff’s spatial scan statistic to detect significant clusters of violent
crime by type.
Hypothesis: There is a non-random pattern in the distribution of violent crime in
Jefferson County, KY. Statistically significant clusters of violent crime will be
detected and spatially correlated irrespective of crime specificity.

Specific Aim 2:
Quantify and record topsoil lead concentrations in neighborhoods of Jefferson County,
KY with high crime rates and low crime rates.
The following actions were carried out to explore this aim:
a) Collected residential edge zone topsoil from identified high crime and low
crime clusters.
b) Collected topsoil from Louisville Metro Parks located in high crime and low
crime clusters.
c) Measured the topsoil lead content in mg/kg, using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS).
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d) Recorded findings in a secure database noting the lead concentration value, as
well as the latitude and longitude of each topsoil sample.
e) Assessed the relationship between aggregate topsoil lead content and violent
crime.
Hypothesis: Aggregate topsoil lead content sampled from high crime cluster areas will
contain statistically significant higher lead content compared to the aggregate topsoil lead
content sampled from low crime cluster areas.

Specific Aim 3:
Examine the statistical relationship between the spatial distribution of FBI defined violent
crime and topsoil lead concentrations, adjusting for spatial autocorrelation and pertinent
census tract level variables associated with poverty and/or criminality in Jefferson
County, KY.
The following actions were carried out to explore this aim:
a) Collected pertinent census tract level data from The U.S. Census Bureau’s 2014
American Community Survey 5-year estimates.
b) Established the best fitting Bayesian sparse spatial generalized linear mixed
model (SGLMM) that predicts violent crime in Jefferson County, while
controlling for topsoil lead content, and adjusting for pertinent census-tract-level
variables.
Hypothesis: Topsoil lead content will be independently geospatially associated with
violent crime in Jefferson County, KY, after controlling for median household income,
percent female head of household, percent of households living in poverty, percent of
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households with dependents under 18-years of age, percent of households receiving food
stamps, percent African American, percent of the population with a Bachelor’s degree,
and percent of the male population aged 15-24 years of age.
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II. LITERATURE REVIEW
This review will evaluate the lead-crime hypothesis, which suggests remnant
environmental lead exposure is an important risk factor for violent behavior. Although
there is mounting evidence that environmental lead exposure may be an important causal
mechanism for violence, the lead-crime hypothesis is only one of many plausible
explanations for violence. Therefore, the following sections of this literature review
provide an overview of the major theories, biological mechanism, and risk factors
associated with violence and/or criminality. This review is divided into two major
sections. SECTION A – A Historical Review of Crime Theories and Selected Risk Factors
will review other sociocultural and scientific inquires related to violence. This section is
subdivided by important criminological philosophies, as well as pertinent genetic,
neurological, prenatal, and early life risk factors associated with violence. SECTION B –
The Lead-Crime Hypothesis will review the sociocultural history of lead and its potential
role in violence. This section is subdivided by themes relevant to the natural history of
lead both as an ecological service and as a ubiquitous public health hazard associated
with violence and/or criminality.
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SECTION A – A Historical Review of Crime Theories and Selected Risk Factors

1. Defining Violent Crime
Codifying criminal behavior has been an element of society from the natural laws
of antiquity to the penal codes of modern jurisprudence (14). Formal systems of law
endorse cultural expectations, which bring order to society in spite of the persistent
deviances of its members (15, 16). While there is variation between culture-specific legal
codes, most cultures regard certain behaviors as universally wrong. In 1954, E. Adamson
Hoebel published The Law of Primitive Man, which noted both early and contemporary
societies regarded murder, theft, robbery, and incest as criminal acts (17).
In 1964, Sellin and Wolfgang published their seminal work, The Measurement of
Delinquency, which categorized crimes by their relative severity (18). Prior to Sellin and
Wolfgang, criminologists had failed to establish methods that adequately defined the
relative severity of a crime. The establishment of a crime severity index illuminated the
relative deviancy of the offender. Sellin and Wolfgang’s findings have since been
validated throughout the world, which suggests that there are universal mores which
guide cultural jurisprudence (19-21).
In January of 1930, the United States Congress authorized the Federal Bureau of
Investigation (FBI) to collect, analyze, and report national crime data. In August of 1930,
the FBI published its first Uniform Crime Report (UCR), which described domestic crime
statistics. The first generation of the UCR categorized crime as either major or minor
(22). Today, the FBI’s UCR categorizes most crimes as either violent or property. FBI
defined violent crime as murder, forcible rape, robbery, and aggravated assault (23).
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Today, criminal offences can be evaluated in either relative or absolute terms.
Federal, state, and local agencies can monitor violent crimes across different geographic
and demographic areas. Although our government can define and monitor trends in
violent crime, there is still great debate concerning the origins of violent criminal
behavior.

2. Early Theories of Crime – Nature versus Nurture
Throughout recorded history many theories have been put forth to explain crime.
Prevailing theories of crime can be contextualized by the core beliefs of an underlying
philosophy. The major philosophies that have inspired present-day theory include the
Classical School, Conflict Theory, Biological Positivism, Sociological Theory,
Psychological Theory, and Anthropological Theory (24-28). Each of these philosophical
views has provided unique insights into the nature of crime, specifically, whether
criminogenesis is a matter of free-will, immutable biology, or the product of social,
political, and environmental influences. The following subsections will provide historical
context to three major periods in criminology, which have continued to influence
contemporary crime theory.

2a. The Classical School
Understanding the roots of crime in modern society was the endeavor of Jeremy
Bentham and Cesare Beccaria, two influential 18th century philosophers. Bentham and
Beccaria’s work on legal reform and criminality took the position that people have free
will and are therefore rational agents in their criminal behavior. Bentham suggested that,
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“man is a calculating animal” who naturally considers the potential cost to the potential
benefit of a crime. Because of this, Bentham argued that the punishments for crime
should match the severity of the infraction. Bentham, a Utilitarian philosopher, believed
that severe punishments for relatively minor crimes motivated criminals to take severe
measures to avoid being caught, thereby creating more crime (29, 30).
Cesare Beccaria, a social-contract philosopher, argued that remediating harsh
punishments for minor crimes would improve detection and successful prosecution of the
offender. Beccaria posited that swift prosecution, societal shaming, and criminal
embarrassment would be an effective deterrent to crime (31). The underpinnings of
Bentham and Beccaria’s beliefs regarding criminogenesis were the immutable
characteristics of free will and rationality. This was a progressive position compared to
earlier systems of justice that engaged in severe retribution for what was considered the
demonic nature of the criminal. Bentham and Beccaria’s work has since garnered the title
the Classical School and has become a major early period in the annals of criminology
(32).

2b. Biological Positivism
The advent of the printing press in Europe towards the end of the Middle Ages
provided a novel medium to disseminate new ideas. The social and academic
environment of the Enlightenment was replete with printed material that often challenged
contemporary systems of belief (33). Biological Positivism, a new philosophy that
challenged the Classical School’s “free will” model offered an opposing view. Biological

9

Positivism considered criminogenic behavior the product of inherited or innate
psychological and/or biological characteristics (34).
An early challenger to the Classical School was Dr. J.C. Prichard, an English
physician in the 19th century. Prichard noted that some individuals, while intellectually
intact, were simultaneously depraved and often incapable of controlling their behavior to
the standards of civilized society. A diagnosis of “moral insanity”, a term coined by
Prichard, and the precursor to the modern diagnosis of psychopath, was ascribed to these
individuals. The morally insane lacked some degree of free will, and therefore often acted
irrationally (35, 36). Prichard’s morally insane doctrine removed the immutable “free
will” that characterized criminal behavior under Classical School dogma (37).
In 1871, while performing a routine autopsy, Cesare Lombroso found an atypical
indentation in the skull of Giuseppe Villella, an infamous criminal. Lombroso assumed
that the indentation was evidence of an underdeveloped cerebellum. From this singular
observation, Lombroso hypothesized that criminals had underdeveloped brains, and were
therefore evolutionary laggards. Lombroso hypothesized that you could identify criminals
by the physical characteristics of their skull. Lombroso called these physical
characteristics “atavistic stigmata” (38, 39). Although Lombroso’s atavistic stigmata was
ultimately disproven, he introduced the hypothesis that brain anatomy could be related to
criminal behavior. Cesare Lombroso is considered the father of criminology and is
remembered as an important protagonist of Biological Positivism (39, 40).
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2c. The Chicago School
In the early part of the 20th century, sociologists Ernest Burgess and Robert Park
of the University of Chicago studied the distribution of social groups in the urban
environment. Their work concluded that as a city grew, there would be a zone of
transition near the urban center that would include a high degree of social breakdown and
disorder. Burgess and Park’s work would become known as the Chicago School, and
would inspire numerous sociological theories of crime (41, 42).
In the 1940’s, Clifford Shaw and Henry McKay of the Chicago School developed
the Social Disorganization Theory, which is considered an important extension of
Burgess and Park’s original work. Shaw and McKay hypothesized that criminality was
not created at the individual level, but rather occurred as a consequence of an individual’s
abnormal living conditions (43). The Social Disorganization Theory was undoubtedly
influenced by two important observations from the Chicago School. First, that crime is
often spatially correlated with poverty, and second, crime persists in neighborhoods
irrespective of shifting racial and ethnic demographics (44).
The Social Disorganization Theory suggests that interpersonal cohesion and
social organization create common social values and goals, which are necessary for a
community to remediate unwanted criminal activity. In this model, community members
engage in the informal surveillance of their surroundings, and if required, intercede
suspicious activity and/or unwanted social behavior. This theory suggests that cohesive
neighborhoods which share common goals can produce social norms that perpetually
oppose criminality. An important construct of this theory is that the social, political, and
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physical environment can produce a criminogenic niche, irrespective of societal
demographics (44).
Theories of crime inspired by the Classical School, Biological Positivism, and the
Chicago School have introduced varying positions regarding the nature of
criminogenesis. While these three philosophies of crime do not represent the entire
corpus of criminology, they highlight two conflicting opinions in the early history of
criminological philosophy. The Classical School and Biological Positivism both suggest
that crime is a construct of the individual, either by volition or innate defects. In contrast,
the Chicago School suggests that crime is a consequence of social, political, and
environmental influences (45, 46).

3. Current Approaches to Crime Theory: Risk Factors in a Biosocial Milieu
While many unique theories of crime have been established, present-day
academicians have yet to produce an accepted unified model that integrates the
taxonomic architecture of criminological philosophy. Although a unified model has yet to
be accepted, a review of the scientific literature supports the notion that criminogenesis is
a multifactorial process, which includes biological, social, and environmental risk factors
(45). Adriane Raine (2013) has suggested that crime should be viewed on a dimensional
probabilistic plane that exists in a biosocial milieu, wherein the innate or inherited
characteristics of people interact in their social and physical environments (47).
For this review, risk factors will be classified into subsections that share common
themes but not necessarily by their modifiable or non-modifiable nature. It is also worth
mentioning that there are far too many risk factors associated with crime to be evaluated
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in this review. Therefore, risk factor selection was based upon relevancy to contemporary
crime theory and/or associations pertinent to the lead crime hypothesis.
3a. Genetic Risk Factors – The Serotonergic System
Genetic studies evaluating the role of genes and behavior have provided insight
into the heritability of violent behavior. Polymorphisms of serotonergic genes are known
to alter the availability of serotonin in the central nervous system (48, 49). Early research
into the effects of altered serotonergic processing found associations between serotonin
and violent or aggressive behaviors (50, 51). These associations were found in both
animal and human models (52-54). The two most commonly studied genes with
serotonergic implications are the Monoamine Oxidase-A gene (MAOA), and the
Serotonin Transporter gene (5-HTT)(51, 52).
Monoamine Oxidase -A
In 1993, Hans Brunner and colleagues published a landmark study, which showed
an association between a variant of the MAOA gene, and familial male patterns of
violence. Brunner and colleagues, genetically sequenced specimens from an extended
family, and found that the violent male members had a genetic mutation of the MAOA
gene. This genetic mutation resulted in an absence of MAOA, which is an enzyme
primarily responsible for the breakdown of serotonin, a neurotransmitter associated with
emotion and stress regulation(55). Disruptions in the serotonergic processing have been
associated with reactive aggression, alcoholism, and risk-taking behaviors. For Brunner’s
study subjects, the absence of MAOA was strongly correlated with low IQ, substance
abuse, aggravated assaults, domestic violence, and homicide (56).
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Subsequent mouse studies identified mice with naturally occurring mutations of
the MAOA gene, similar to Brunner’s MAOA-deficient subjects. Cases and colleagues
(1995) showed that mice with absent MAOA had elevated levels of serotonin. The
MAOA-deficient mice were found to be excessively aggressive compared to mice
without the MAOA gene mutation (53). Scott and colleagues (2008) also showed that
MAOA-deficient mice, through artificial knock-out of the MAOA gene, had reduced
response times to aggressive behavior, as well as increased combative behavior (57).
The genetic variant of the MAOA gene first identified by Brunner is now believed
to be exceedingly rare. However, further investigation of the MAOA gene has identified
low activity variants of MAOA-uVNTR, a polymorphism of the MAOA gene. Manuck
and colleagues (2000) found that the study participants with low expressing allelic
variants of MAOA-uVNTR had significantly higher dispositional aggressiveness and
impulsivity compared to participants with higher expressing alleles (58). Kuepper and
colleagues (2013) also found that study participants with low expressing variants of
MAOA-uVNTR had significantly more reactive aggression as compared to participants
with higher expressing alleles of MAOA-VNTR (59). Stetler and colleagues (2014) casecontrol study of subjects in a correctional facility found a robust association between low
expressing allelic variants of MAOA-uVNTR and violent prisoners (60).
5-HTT
Variations of the MAOA gene first implicated the serotonergic system as a
possible mechanism for violent and aggressive behavior. While the MAOA gene, dubbed
the warrior gene, has received considerable attention by the mainstream media, it is not
the only gene with serotonergic implications (61). The serotonin transporter gene (5-
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HTT) is responsible for synaptic transport of serotonin, and similar to the MAOA gene,
has a naturally occurring polymorphism (5-HTTLPR) with a long and short allelic
variant. The short variant is associated with less transcriptional activity and lower
serotonin uptake (62).
Hallikainen and colleagues (1999) hypothesized that the short allelic variant of
the 5-HTT gene would be more prevalent among violent alcoholics compared to nonviolent alcoholics. Hallikainen’s study found a statistically significant association
between the short variant of 5-HTT and early onset alcoholism with habitually violent
behavior (63). Retz and colleagues (2004) also found an association between the short
allelic variant of the 5-HTT gene and violence. Retz’s study found a significant
association between criminally violent participants who had intentionally harmed another
person and the short allelic variant of the 5-HTT gene (64).
The low expressing allelic variant of the 5-HTT gene has also been implicated in
aggressive behavior in a pediatric population. Haberstick and colleagues (2006) found a
significant association between the low expressing allelic variant of 5-HTT and
aggressive behavior in middle childhood (65). Beitchman and colleagues (2006)
conducted a matched case-control study to evaluate the association between the low
expressing allelic variant of 5-HTT and children aged 5-15 years who had clinically
evaluated for extreme aggressive behavior. Beitchman’s study found a significant
association between low expressing 5-HTT variants and extreme aggression in children
(66).
It is important to note that not all MAOA and 5-HTT gene studies have found
positive associations between low expressing polymorphisms and aggressive or violent
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behavior (67-70). However, several recent meta-analyses have implicated MAOA and 5HTT with aggressive and violent behavior, albeit with cautious interpretation (49, 71).

3b. Central Nervous System – Pre-fontal Cortex
Neuroscience has yet to produce a complete neural framework that explains
human cognition and behavior. Current neuroscientific understanding suggests that the
consciousness arises from a complex interactive network of neuronal inputs that includes
deep brain structures and the cerebral cortex (72). Throughout the 20th century,
criminology and psychiatry has employed numerous neuropsychiatric and neuroimaging
techniques to further understand the neurological roots of violence. Recent neuroimaging
studies have found associations between the frontal lobe and violent behavior (73-76).
The frontal lobe makes up the front half of the brain and can be anatomically
divided into the primary motor cortex, pre-motor cortex, and the pre-frontal cortex. Of
particular interest to the lead crime hypothesis is the pre-frontal cortex, which can be
further subdivided into the lateral, medial, and orbitofrontal regions (77, 78). The prefrontal cortex is believed to process various neuronal inputs which give rise to selfawareness, social perception, and the cognitive control of emotions, impulses, empathy,
and moral judgements (78-80).
The simultaneous multimodal properties of the pre-frontal cortex make it difficult
to subdivide the scientific literature into distinct classifications of criminogenic risk
factors, as there is frequent overlap in findings between structural and functional
research. Therefore, this subsection will be dichotomized by theme. The first section,
Pre-frontal Cortex and Studies of Violence, will review literature, which has found
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associations between the pre-frontal cortex and violence. The second section, Pre-frontal
Cortex and Studies of Violence Inhibition, will review literature that has found
associations between the pre-frontal cortex and regulation of emotion, empathy, and
moral judgement, each of which has been associated with violent behavior (81-83).

Pre-frontal Cortex and Studies of Violence:
The story of Phineas Gage is perhaps the first well-known case-study associating
brain injury and violent behavior. In 1848, while Gage was working on a railway, an
explosion blew a tamping rod through his left cheek and out the frontal aspect of his
skull. Remarkably, Gage recovered from this accident. Although Gage survived with his
intellect intact, he became violent, vulgar, and irresponsible; personality traits completely
foreign to Gage before the accident. John Harlow, a local physician who treated Gage
over the course of his recovery, believed that Gage’s behavior changes were the result of
brain damage to the frontal lobe (84). It would be another century before medical science
would develop techniques to explore the relationships between violent behaviors and the
anatomy and physiology of the brain.
Volkow and Tancredi (1987) published their seminal study which was the first to
use positron emission tomography (PET) to evaluate the brains of violent psychiatric
patients with histories of recidivism. Volkow’s study participants showed moderate to
severe metabolic disruption of the pre-frontal cortex. Volkow noted that patients with
severe metabolic disruption of the pre-frontal cortex lacked regret for their violent
actions, unlike study participants with less severe metabolic disruption of the pre-frontal
cortex (85). Raine and colleagues (1997) showed that PET scans from a group of 41
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murderers had significantly less glucose metabolism in their lateral and medial prefrontal cortex, angular gyrus, and corpus callosum compared to their matched controls.
Raine’s study also found that murderers had asymmetric activity of the amygdala,
thalamus, and hippocampus (86).
The use of PET was a novel approach to evaluating behavior. At the time of
Volkow and Tancredi’s study, prior neuropsychological studies had already found
associations between lesions of the pre-frontal cortex and violent behavior (87, 88). The
addition of PET provided new objective evidence for similar associations in people with
less obvious pre-frontal cortex dysregulation. Although early computed tomography
provided better visualization of brain anatomy, PET found physiological differences in
neuronal metabolism which extended the utility of nuclear medicine in psychiatry and
criminology (89).
Contemporary imaging techniques also employ Single-Photon Emission
Computed Tomography (SPECT), and variations of Magnetic Resonance Imaging (MRI).
These imaging techniques provide a more robust visualization of the anatomy and
physiology of the brain. These modern imaging techniques have revealed structural and
functional abnormalities of the frontal lobe and the limbic system, which have been
associated with violence and criminality (89, 90). Amen and colleagues (1996) compared
SPECT scans between 40 violent study participants and 40 non-violent controls. Amen’s
study, similar to Volkow and Tancredi, showed decreased activity in the pre-frontal
cortex of the violent cases, as compared to the non-violent controls (91).
Raine and colleagues (2000) used structural MRI to compare study participants
with antisocial personality disorder (APD) to participants without APD. Raine’s study
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showed structural differences in the brain anatomy of APD cases compared to non-APD
controls. Study participants with APD had an 11 percent reduction in grey matter volume
of the pre-frontal cortex compared to the study controls. Additionally, APD cases had
committed significantly more violent crimes, with 42.9 percent reporting having raped
someone, and 38.1 percent reporting having fired a gun at someone (13).
Raine and colleagues (2000) also evaluated how the study participant’s autonomic
nervous system (ANS) responded to stress. Prior research had shown positive
associations between hypoactive stress responses of the ANS and violence (92). To
measure ANS performance, skin conductance testing was employed. Cases in the bottom
50th percentile for pre-frontal grey matter volume were found to have significantly
reduced skin conductance during periods of stress compared to cases in the top 50th
percentile for pre-frontal grey matter volume (13).
Raine’s study was the first to show reduced grey matter volume of the pre-frontal
cortex of non-institutionalized study participants with a diagnosis of APD. Additionally,
the positive relationship between reduced pre-frontal grey matter volume and reduced
skin conductance in APD cases suggests a possible relationship between structural
deficiencies of the pre-frontal lobe and poor fear conditioning, a characteristic associated
with psychopathic behavior (13, 93).

Pre-frontal Cortex and Studies of Violence Inhibition:
The dysregulation of the cognitive control of emotions has been shown to be an
important risk factor for violent behavior (82, 94). Research has suggested that the prefrontal cortex regulates emotions through cognitive reappraisal and expressive
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suppression. Cognitive reappraisal is the cognitive transformation of an emotional
experience, while expressive suppression is the regulation of behavior from an emotion
eliciting event (95). Ochsner and colleagues (2002) first used functional MRI to examine
the cortical structures associated with cognitive reappraisal. Ochsner’s study found that
the lateral and medial pre-frontal cortex are involved in the reappraisal of negative
emotional experiences (96). More recently, Vanderhasselt and colleagues (2013) found
that cognitive reappraisal, as well as expressive suppression, involved activation of a prefrontal cortex – cingulate network (97).
Empathy is the ability to understand and share emotions of other people (98).
Incompetent empathetic responsiveness is another risk factor associated with violence
(99). Baez and colleagues (2015) found that atrophy of the orbitofrontal cortex was
associated with deficits in empathetic concern related to intentional harm (100).
Following Baez’s study, Pera-Guardiola and colleagues (2016) found that the ability to
correctly identify emotional facial expressions was correlated to the orbitofrontal, inferior
frontal, and dorsomedial prefrontal cortices (101). Kral and colleagues (2017) found that
the medial pre-frontal cortex was involved with empathetic accuracy (80).
The dysregulation of moral decision making is a well-known risk factor for
violence (102, 103). Moll and colleagues (2001) published one of the first neuroimaging
studies evaluating the neural correlates of moral decision-making. Moll’s study showed
that the medial orbitofrontal cortex was involved in moral-decision making (78).
Following Moll’s study, Heekeren and colleagues (2003) found that the left lateral prefrontal cortex and the left posterior temporal lobe were involved in unambiguous moral
decision making (83). Cameron and colleagues (2018) found that damage to the
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ventromedial pre-frontal cortex impaired judgement of moral transgressions, which has
been associated with dysregulation of impulse control (12, 104).

3c. Prenatal Risk Factors
There are multiple prenatal exposures that harm the developing fetus (105). Of
these exposures, the ill effects related to prenatal alcohol exposure and prenatal exposure
to cigarette smoke are well established in the medical literature (106, 107). Prenatal
alcohol exposure is known to cause alcohol spectrum disorders (108). Prenatal exposure
to cigarette smoke has been associated with low birth weight, childhood asthma,
Attention Deficient Hyperactivity Disorder, and other neurobehavioral effects (109-113).
Although these exposures are well represented in the medical literature, there is growing
concern that they may harm fetal brain organogenesis, resulting in permanent structural
and functional abnormalities (114-116). Alterations in brain structure and function have
previously been associated with criminality and/or behavioral phenotypes associated with
criminality (13, 104, 117).

Prenatal Exposure to Maternal Alcohol Use
The teratogenic effects of prenatal alcohol exposure (PAE) are well established
(118, 119). These effects are believed to be caused by the differences between prenatal
and postnatal alcohol metabolism. Postnatal metabolism of alcohol relies on two hepatic
enzymes, alcohol dehydrogenase (ADH) and aldehyde dehydrogenase. These two
enzymes bio-transform alcohol into acetaldehyde and then into acetate for elimination
(120). During heavy alcohol consumption, the CYP2E1 enzyme helps the body
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metabolize alcohol into acetaldehyde (121). Prenatal metabolism of alcohol has a
different metabolic pathway. Fetal metabolism of alcohol relies on placental CYP2E1,
which generates hydroxyethyl or superoxide radicals. These radicals are believed to
directly damage fetal brain development (122). There is also evidence that prenatal
alcohol exposure may permanently damage the serotonergic system by causing
serotonergic neuronal death (123).
Fetal alcohol spectrum disorders (FASD) is an umbrella term used to describe
adverse outcomes related to PAE. Donald and colleagues (2015) published a literature
review of neuroimaging studies that evaluated the effects of PAE on the brain. Donald’s
review showed that people with FASD had smaller total brain volumes, in both white and
grey matter, as well as altered frontal cortical activity (124).
Fast and colleagues (1999) published the first study that investigated the
prevalence of FASD in the juvenile justice system. Fast’s study found that 23 percent of
youth in the juvenile justice system had a diagnosis of a FASD (125). Streissguth and
colleagues (2004) found that 50 percent of study participants with a diagnosis of a FASD
had been previously arrested for a crime (126). Streissguth’s results showed that children
with a diagnosis of a FASD had significantly reduced IQ, which is a well-known risk
factor for crime (127). A systematic literature review by Popova and colleagues (2011)
found that juveniles with a diagnosis of a FASD were 19 times more likely to be
incarcerated than youths without a diagnosis of FASD (128).
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Prenatal Exposure to Maternal Cigarette Smoke
Prenatal exposure to cigarette smoke can harm fetal brain organogenesis by
disrupting the normal transfer of nutrients and oxygen across the placenta (129).
Additionally, prenatal exposure to cigarette smoke can introduce numerous
neuroteratogens to fetal circulation (107). Nicotine, a constituent of tobacco smoke,
crosses the placenta and fetal blood brain barrier (130). Research has suggested that
prenatal exposure to nicotine permanently alters the sensitization to serotonin by
damaging presynaptic and postsynaptic bodies necessary for neurotransmission (131).
Cigarette smoke also contains numerous neurotoxic heavy metals which can enter
fetal circulation (132-134). Prenatal exposure to mercury, cadmium and lead from
maternal cigarette smoke has been associated with low birthweight, reduced head
circumference and abnormal cognitive development (134). Additionally, prenatal
exposure to lead from maternal cigarette use has been associated with anti-social
behavior (135).
Toro and colleagues (2008) found that prenatal exposure to maternal cigarette
smoke (PEMCS) was associated with anatomically thinner orbitofrontal, middle frontal,
and parahippocampal cortices, as compared to children without PEMCS (114). Of
particular interest to risk factors associated with violence is the attenuation of the
orbitofrontal cortex, which is thought to be a neural substrate of empathy and moral
judgment (136).
Weitzman and Gortmaker (1992) conducted one of the first studies which
evaluated the effects of PEMCS and behavioral problems in children. Their findings
showed that behavioral problems in children, including issues with conduct, were
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associated with PEMCS (137). These findings were subsequently supported by Fergusson
and colleagues (1993), who found that children with PEMCS were more likely to have
conduct issues compared to children without PMECS (138). Wakschlag and colleagues
(1997) found that children with PEMCS that exceeded a half pack-per-day had
significantly more diagnoses of conduct disorder compared to children without PEMCS
(139). Conduct disorder in children has been associated with later life diagnoses of antisocial personality disorder, which is a well-established risk factor for violence (140, 141).
Brennan and colleagues (1999) found a dose-response between PEMCS and adult
recidivism for violent and non-violent crimes (142). A meta-analysis by Pratt and
colleagues (2006) found a significant association between PMECS and criminal behavior
in children (143). A review of the literature by Zhou and colleagues (2014) concluded
that PEMCS and post-natal secondhand smoke were associated with conduct disorder in
children (144).
3d. Early Life Risk Factors
The Social Determinants of Health is a partitioned framework that identifies
similar risk factors for adverse health outcomes. Categories of risk factors typically
include: economic stability, the physical environment, education, food, social support,
and healthcare (145). Current research has begun to evaluate how deprivation within the
social determinants’ milieu can produce or promote violent behavior. Classifying the
scientific literature into distinct subcategories is challenging, as there is considerable
overlap between social determinant risk factors and violence. Therefore, this section is
subdivided by Early Life Stress and Intelligence.
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Early Life Stress
Early life stress from the biosocial environment can have deleterious effects on
childhood development. Although stress can be a nebulous construct, its effects can have
measurable physiological and behavioral consequences (146, 147). Côté and colleagues
(2006) published findings from their evaluation of the Canadian National Longitudinal
Survey of Children and Youth (NLSCY). Côté’s study found that later life physical
aggression was significantly associated with early life poverty and hostile or ineffective
parenting strategies (148). Rylands and colleagues (2012) found that childhood abuse and
neglect was correlated to abnormal development of the serotonergic system, which has
been previously associated with impulsive and aggressive behavior (48). Wallinius and
colleagues (2016) found that early life exposure to inter-parental violence and parental
substance abuse were associated with both aggressive antisocial behaviors and
criminality (149). Afifi and colleagues (2017) found that children exposed to harsh
physical punishment or maltreatment were more likely to be involved in intimate partner
violence, either as the perpetrator or the victim (150).

Intelligence
Alfred Binet and Theodore Simon produced the first modern intelligence test in
1904 (151). Since the introduction of intellectual ability as a psychometric measure,
numerous models of intelligence (IQ) have emerged (152). Although there are conflicting
models for intelligence, IQ has proven to be an important index of normal neurocognitive
development, academic success, socioeconomic position, and criminality (127, 153, 154).
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In 1977, Hirschi and Hindelang published their seminal paper regarding IQ and
delinquency. In the decades prior to Hirschi and Hindelang’s paper, the contemporary
opinion was that IQ was independent of criminality, and that any perceived association
was spurious, given unmeasured confounders. Hirschi and Hindelang found that IQ was
associated with delinquent behavior after controlling for important confounders,
primarily socioeconomic position (155).
Wilson and Herrnstein (1985) published Crime and Human Nature, which
claimed that criminals on average have an IQ that is 10 points lower than non-criminals.
Wilson and Herrnstein also reported that low IQ criminals committed more serious forms
of crime, relative to normal or high IQ criminals (156). Koolhof and colleagues (2007)
also found that low IQ criminals had committed significantly more serious crimes
compared to high IQ criminals. Additionally, Koolhof found that low IQ criminals had
significantly less impulse inhibition compared to high IQ criminals, which may explain
differences seen between IQ groups and the seriousness of the offense (157).
Satterfield and colleagues (2007) published the results of their 30-year
prospective follow-up on boys with conduct problems. Satterfield’s study found that IQ
was inversely related to adult criminality. This inverse relationship was found among all
socioeconomic classes, including the highest socioeconomic class. Satterfield’s findings
underscore the significance of intelligence as a plausible etiological mechanism for
criminality regardless of socioeconomic position (158).
Ttofi and colleagues (2016) published a meta-analysis of prospective longitudinal
studies which evaluated the protective effect of intelligence on criminal offending. Ttofi’s
study found that high IQ was protective against criminality even among high at-risk

26

populations. Ttofi and colleagues suggested that the scholastic aptitudes enable better
resiliency towards adversity, which may explain why high IQ has a protective effect
against criminal offending (127).

SECTION B – The Lead-Crime Hypothesis
Several hypotheses have been put forth to explain the temporal variation of
violent crimes since 1960. These hypotheses include gun ownership, the legalization of
abortion, the War on Drugs, fluctuation in age demographics, and increasing rates of
criminal imprisonment (159). Recently, a new hypothesis has suggested that
environmental lead exposure might be a cause of criminal behavior. This lead crime
hypothesis suggests that the downward trend in violent crimes in the United States in the
mid-1990’s is partially explained by the phasing out of domestic leaded gasoline between
1985 and 1995 (160, 161).

4. Lead – A Historical Review from Ancient Egypt to Contemporary Scientific Inquiry
Lead is a naturally occurring heavy metal most often found in different ores.
Leaded ores have been refined to produce useful lead compounds since at least 4000 BCE
(162). From ancient Egypt to the technologies of modernity, lead has been a useful
ecological good. However, as history has shown, the industrial production and
indiscriminate use of lead can have dire public health consequences (161).
The earliest surviving document linking lead exposure to illness dates back to 2nd
century BCE, when Greek physician Nikander of Colophon documented the ill effects of
lead ingestion in his Alexipharmaca (163). The first well-documented description of
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harmful lead ingestion was colica Pictonum, a severe abdominal pain, sometimes
followed by paralysis and death. Colica Pictonum was periodically epidemic from
ancient Rome until 17th century Europe. In 1696, Eberhard Gockel discovered that colica
Pictonum was associated with wine preparation, which following Roman tradition, used
lead vessels to produce sapa, an artificial sweetener adulterated with lead. Gockel’s
discovery showed that lead exposure could be incidental and affect the general
population, beyond the occupational milieu (164).
In 1839, French physician Tanqueral des Planches conducted one of the first
occupational health studies, which documented adverse neuropsychiatric outcomes
associated with lead exposure (165). Tanqueral des Planches called the lead associated
encephalopathy encéphalopathie saturnine, a homage to the Roman god Saturn, who was
known as a violent ghoulish deity (166, 167). These early reports provide important
historical context for occupational and incidental lead exposure in the adult population.
Evidence of lead poisoning in a pediatric population would not come until the 20th
century.
J. Lockhart Gibson (1904) published the first report on lead poisoning in a
pediatric population. This seminal report described an epidemic of pediatric lead
poisoning in Brisbane, Australia. Gibson correctly hypothesized that his lead poisoned
patients were being exposed to lead-based paint found in and around their respective
homes (168). The first report of pediatric lead poisoning in the United States was
authored by Kenneth Blackfan (1917), who published a case-series study of children
treated for lead poisoning. Blackfan, aware of Gibson’s report, called for prophylactic
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measures to prevent children from accidentally or purposefully consuming lead-based
paint (169).
Around the turn of the 20th century, most of the known adverse health outcomes
associated with lead poisoning occurred in the occupational setting (161, 170). Classic
signs of adult occupational lead poisoning included peripheral neuropathy, paralysis in
the wrist or foot, weakness, confusion, colic, and reproductive issues for both men and
women (161, 171). The dangers associated with occupational lead poisoning were
understood and accepted by most plant workers and plant operators. As historian David
Montgomery pointed out, industrial America accepted a “culture of plumbism” built on
denial, fatalism, and individual responsibility (172). This “culture of plumbism” which
embodied the philosophy of 19th century industry, helped embolden early American
industrial hygienists, who would in the 20th century bring about sweeping public health
reforms (173). While these reforms lead to stringent environmental regulations, they
could not assuage the ill effects from the millions of tons of lead already released into the
environment (163).
Contemporary lead poisoning research categorizes exposures as acute or chronic,
high dose or low dose, and by exposure type, occupational, environmental, or pediatric
(174, 175). Additionally, the advent of serum lead testing illuminated for the first-time
dose-response relationships between severity of lead exposure and adverse health
outcomes (161, 176). The nuanced approach to exposure classification, as well as the
dose-response paradigm, has been instrumental for deconstructing lead’s toxic effects.
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5. Current Standards
Lead does not naturally occur in the human body. Therefore, there is no
physiological level of lead. Research on skeletal lead content has suggested that
contemporary people contain up to 500 times more bone lead content compared to
ancient populations. This suggests that anthropogenic lead use has amplified the
bioavailability of lead in the environment (177).

5a. Soil Lead Standards
Lead naturally exists in most soils at very low levels. The U.S. Geological Survey
has estimated that the median background soil lead content in the United States is 16
milligrams per kilogram (mg/kg) (178). However, the release of lead from lead-based
products has contaminated some residential soils many times beyond normal background
levels. In 2001, the Environmental Protection Agency (EPA) issued its Final Rule, which
established two hazard standards for residential soil lead content. In its Final Rule, the
EPA set the hazardous lead content for bare soil in play areas at 400 mg/kg or higher; the
hazardous level for non-play areas was set at 1,200 mg/kg or higher (179).

5b. Blood Lead Standards
In the 1960’s, pediatricians considered blood lead levels toxic if they were > 60
micrograms per deciliter (mcg/dL). In 1975, the CDC defined elevated blood lead levels
as > 30 mcg/dL. Ten years later, in 1985, the CDC reduced this threshold to > 25
mcg/dL. In 1991, the CDC lowered the reference level to > 10 mcg/dL. In 2012, the CDC
lowered the reference level to its current threshold of > 5 mcg/dL (180). Although the
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CDC has set a threshold for what constitutes an elevated blood lead level, contemporary
theory suggests that there is no safe blood lead level (181). Additionally, some research
has suggested that blood lead levels as low as 2 mcg/dL can result in measurable adverse
effects on cognitive performance (182).

6. Lead – Environmental Exposures
The mass production of lead-based paint and the introduction of tetraethyllead in
the early 20th century were a boon for the domestic industrial lead economy (161).
However, the mass production of lead-based products carried with them dire economic
externalities which have been associated with numerous adverse health outcomes (183).
This section will focus on the history of lead use in the United States throughout the 20th
century; specifically, on a review of lead-based paint and leaded gasoline, the two most
common sources of remnant lead in the environment (183).

6a. Lead-Based Paint
The addition of lead in paint served many purposes. Different lead ores provided
different lead pigments. Lead chromate, lead oxide, and lead carbonate were used to
produce yellow, red, and white lead-based pigments (184). These pigments when added
to oil substrates produced vibrant, durable, and water-resistant paints (161). The
Renaissance that swept across Europe ushered in a new era for lead-based paints.
Michelangelo, Caravaggio, Van Gogh, and many others incorporated white lead and
yellow lead into their works. The durability of leaded-paint was also a favorite in the
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maritime industries (185). When Europeans colonized North America, they brought with
them a desire for lead-based paints (161).
The first large scale production of white lead-based paint in the United States
began in 1809, when Samuel Wetherill & Sons began extracting white lead from lead
carbonate. The Louisiana Purchase in 1803 helped bolster lead paint production through
the acquisition of lead mines. In the decades that followed, numerous high-grade lead
ores were found throughout present-day Arkansas, Iowa, Colorado, and Kansas (186).
The influx of lead ore increased domestic lead paint production and lowered prices. By
the 1920’s, white lead paint accounted for 30-40 percent of domestic lead use. Between
1910 and 1977, approximately 400,000 tons of lead paint were applied to homes in the
United States (161).
Although the domestic use of lead paint was officially banned in 1978, remnant
lead from its use remains a pervasive environmental hazard (187). After lead sinks into
the soil, it is expected to stay there for hundreds of years due to its immobility (188). The
Environmental Protection Agency (EPA) (1998) published a Final Report on the sources
of lead in the soil. The EPA’s Final Report concluded that deteriorating lead-based paint
from exterior surfaces, industrial point source pollution, and remnant lead from the
leaded-gas era were the primary sources for lead contaminated soil (189).
Bernard and McGeehin (2003) published their findings on elevated blood lead
levels from the Third National Health and Nutrition Examination Survey (NHANES III),
1988-1994. Bernard and McGeehin found that 42.5 percent of children living in pre-1946
housing, and 38.9 percent of children living in housing built between 1946 and 1973, had
blood lead levels exceeding 5 mcg/dL (190). Following Bernard and McGeehin’s study,
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Jones and colleagues (2009) published their findings from annual NHANES survey data,
collected between 1999 and 2004. Jones and colleagues found that pre-1950 housing and
housing built between 1950 and 1977, were significantly associated with blood lead
levels greater than 10 mcg/dL (191).

6b. Leaded Gasoline
Automobiles in the first two decades of the 20th century suffered from engine
knock, a phenomenon where cylinder combustion occurs outside the normal temporal
envelope for proper piston stroke timing. Premature combustion within the cylinder
caused a shockwave which knocked the engine, hence the term engine knock. Early
engineers recognized that controlling combustion timing required the addition of an
oxygenate, which would delay ignition before proper cylinder compression. In 1921,
Thomas Midgley Jr, an engineer at General Motors, discovered that the addition of
tetraethyllead to gasoline was an adequate octane booster which eliminated engine knock
(192).
The introduction of tetraethyllead in the United States was a windfall for domestic
lead production (161). The first filling station in the United States began using leaded
gasoline in 1923. By 1929, demand from the automotive industry had doubled domestic
production of lead (161). A total ban of leaded gasoline did not take place until 1995,
when amendments to the Clean Air Act of 1990 took effect (193). The lead gas era lasted
for approximately 70 years, during which time American consumers burned hundreds of
millions of tons of leaded gas, which released an estimated 7 million tons of lead into the
atmosphere (194).
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Lead from automobile exhaust has been found in arctic ice fields, surface ocean
water, and most prominently along properties adjacent to roadways in urban
environments (161, 195, 196). Urban soil lead content has a well-established doseresponse related to roadside proximity. Average soil lead content is the highest within 10
meters of the roadside, and decays exponentially every 10 meters thereafter. Additionally,
the concentration of lead in roadside soils is proportionally related to traffic volume
during the lead gas era (197).
Mielke and Reagan (1998) published a literature review which compared sources
of environmental lead exposure, specifically leaded-paint and lead contaminated soils.
Mielke and Reagan’s review noted that lead contaminated soil has more bioavailable lead
than leaded paint chips. It was also noted that leaded house dust, a known pathway for
lead exposure, had a dose-response associated with traffic density. This association
between level of leaded house dust and traffic density is believed to be due to the leaded
exhaust-soil-dust pathway, wherein leaded-soils contaminated from leaded automobile
exhaust get tracked into the house, where it becomes a primary constituent of house dust
(195, 198)
Mielke and colleagues (2007) published a five-year review of median blood lead
levels from children living in New Orleans, Louisiana. Study results found a significant
curvilinear relationship between soil lead concentrations and median blood lead levels.
The predicted median blood lead level for soil lead concentrations of 400 mg/kg, is 5.5
mcg/dL. Soil lead concentrations of 1,200 mg/kg predict a blood lead level of 8 mcg/dL.
Mielke and colleagues concluded that 92.8 percent of children living in New Orleans
have elevated blood lead levels > 2 mcg/dL (199). If health effects research continues to
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find blood lead exposures of ≤ 5 mcg/dL then the amount of lead accumulated in cities
such as New Orleans support the prediction by the late Claire Patterson (1980), that
millions of tons of lead have virtually made older U.S. cities uninhabitable (200).

7. Lead – Lead-Induced Neurotoxicity
Lead is a persistent environmental toxicant, which can theoretically affect every
organ system through direct or indirect pathways. Although lead is a systemic toxicant,
its neurotoxic effects on the developing brain are of primary concern. Lead-induced
neurotoxicity involves numerous complex mechanisms, most notably, the calcium
mediated signaling pathways (10, 11). This section will review the basic
pathophysiological mechanisms of lead-induced neurotoxicity, as well as review
epidemiological literature detailing the consequences of early-life lead exposure.

7a. Neurotoxic Pathophysiology
The movement of calcium ions across cellular calcium channels is a normal
physiological process. However, dysregulation of calcium kinetics can cause cell death
from excessive intracellular calcium. Lead, which mimics calcium, can invade the
intracellular space and damage mitochondria. Normally, mitochondria regulate
intracellular calcium. However, lead-induced mitochondrial damage can cause
dysregulation of calcium kinetics, leading to a state of neuronal excitotoxicity which can
damage or kill neurons. Lead-induced dysregulation of calcium kinetics also causes the
intracellular production of reactive oxygen species (ROS). Neurons, by their nature, have
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a reduced capacity for detoxifying ROS. Oxidative stress from ROS can cause cellular
apoptosis via a protein-gene pathway (10, 201).

7b. Epidemiological Studies Evaluating Volumetric Effects Associated with Lead
Exposure
Review of the medical literature suggests that lead exposure may be responsible
for CNS dysfunction and related neuropsychiatric effects, which have been associated
with violence (202, 203). Prenatal and pediatric lead exposure may disrupt brain
organogenesis. The medical literature suggests that there is an association with early-life
lead exposure and atrophy of the pre-frontal cortex, which has been associated with
conduct disorder, impulse inhibition, cognitive reappraisal, empathetic concern, moral
decision making, and intelligence; all risk factors for violence (204). Brain atrophy and
reduced cognitive functioning have also been associated with occupational lead exposure
(205).
Cecil and colleagues (2008) examined the relationship between early-life blood
lead levels and adult brain volume in 157 participants from the Cincinnati Lead Study.
Volumetric whole brain analysis from MRI data found a significant association between
early-life lead exposure and reduced brain volume in the anterior cingulate cortex and the
ventrolateral prefrontal cortex (202). The anterior cingulate cortex has been associated
with processing cognitive and emotional information, behavior modification, assessing
for potential conflicts, and decision-making based upon reward seeking (206, 207). The
ventrolateral prefrontal cortex has been associated with the cognitive control of emotions
and subsequent mood regulation (208).
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Brubaker and colleagues (2009) also analyzed study participants from the
Cincinnati Lead Study. This study used Diffused Tensor Imaging to evaluate whether
childhood lead exposure was associated with later life alterations in white matter
microstructures, specifically axonal myelination and integrity. Brubaker’s study found a
significant dose-response between childhood lead levels and white matter organization
and myelination. These lead-associated alterations in white matter were found throughout
the frontal, temporal, parietal, and occipital lobes, even after controlling for prenatal
maternal alcohol use, prenatal tobacco use, and maternal IQ (209).
Following their 2009 study, Brubaker and colleagues (2010) again analyzed study
participants from the Cincinnati Lead Study. The purpose of this study was to evaluate
whether later childhood blood lead levels were a better predictor of neuroanatomical
changes compared to average or maximum blood lead levels seen in early childhood.
Brubaker’s results showed elevated blood lead levels collected at five and six years of life
were stronger predictors for brain volume loss compared to maximum elevated blood
lead levels taken earlier in life. These results remained significant after controlling for
pertinent confounders. This study also found that grey matter volume loss was most
pronounced in the frontal lobes. These findings suggest that while maximum elevated
blood lead levels usually seen during peak hand-to-mouth activity are significantly
associated with reduced brain volume, ongoing low-level lead exposure identified
between ages five and six have a greater effect on total brain volume loss (204). This
association may be explained by the timing of synaptogenic overproduction in the frontal
lobe, which is not completed until the third or fourth year of life (210, 211).
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Not all lead-associated volumetric brain studies have been based on pediatric
blood lead levels as a metric of exposure. Stewart and colleagues (2006) evaluated 532
former employees at a chemical plant, which produced tetraethyllead. Stewart’s study
found that there was a significant association with the amount of tibial lead, a metric for
prior lead exposure, and reductions in total brain volume, including the frontal lobe.
Stewart’s findings showed that occupational lead exposure is associated with cognitive
decline, and that a dose-response exists between lead exposure and total brain volume
(205).

7c. Pediatric Vulnerability in Lead Contaminated Environments
There is an old axiom in pediatric medicine that children are not little adults
(212). This axiom emphasizes important physiological and behavioral differences
between pediatric and adult populations. While children and adults are both vulnerable to
the adverse effects of a lead contaminated environment, children are especially
vulnerable given their greater propensity for incidental lead exposure and gastrointestinal
absorption (213).
Children have higher respiration rates compared to adults (212). Because of this
children breath in more volume of air per pound (214). This difference in respiration can
increase exposure to aerosolized lead. Additionally, young children are typically shorter
than adults which puts them closer to the ground, thereby increasing their exposure to
aerosolized lead contaminated dust or soil (215).
Children also ingest more lead than adults. Normal neurocognitive development
relies on hand-to-mouth activities during the first few years of life. Because of this,
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children have incidental lead ingestion from remnant lead found in house dust and/or
residential soils (216). Children also exhibit more pica than adults. It is estimated that 50
percent of children aged 18-36 months engage in pica-like behavior. By 12 years of life
the incidence of pica-like behavior is approximately 10 percent (217). Pica behavior is a
well-established risk factor for lead intoxication in children (195). Conversely, lead
intoxication in adults due to pica behaviors is exceedingly rare, and is considered a
psychiatric condition (218).
The adverse effects of lead ingestion are heavily influenced by gastrointestinal
absorption. It is estimated that children absorb 5 times more lead than adults after
ingestion (219). Additionally, lead absorption rates are influenced by dietary deficiencies
of ascorbate, calcium and iron; deficiencies that are also associated with poverty related
food insecurity (175, 220, 221).
Special consideration for the pediatric population should be made when
evaluating public health hazards associated with remnant environmental lead. The
pediatric population has a greater propensity for incidental environmental lead ingestion
and absorption compared to the adult population (214). Early life lead absorption can
cause permanent brain damage, diminished IQ, and other deficiencies associated with
normal neurocognitive development (11).

8. The Lead Crime Hypothesis: Epidemiological Studies Evaluating the Potential
Lead-Crime Association
Lead associated damage to the serotonergic system, as well as the pre-frontal
cortex has been associated with criminality and/or violent behavioral phenotypes (10,
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11). These neurotoxic effects provide a credible biological mechanism that underpins the
lead crime hypothesis. This section will review the epidemiological literature that has
evaluated the association between lead exposure and criminality. Additionally, this
section will demonstrate important gaps in the biomedical literature that are fundamental
to the thesis of this research project.

8a. Epidemiological Studies Evaluating the Association between Lead and Crime
The first study published regarding lead and violent behavior was Byers and
Lord’s (1943) seminal case-series, which noted 95% of children previously hospitalized
for lead poisoning subsequently developed persistent cruel and impulsive behavior. Byers
and Lord were the first to document that the saturnine effects of childhood lead exposure
could persist (171, 222). Prior to Byers and Lord’s publication, it was widely believed
that acute lead poisoning resulted in death or recovery without sequela (171, 223).
Pihl and Ervin (1990) published a case-control study, which evaluated hair-lead
levels from an incarcerated study population. Cases were defined as having a history of a
violent offense. Controls were defined as non-violent offenders. Analysis of variance
found that violent offenders had more than a two-fold increase in hair-lead levels
compared to the non-violent controls (F1, 48 = 28.83, p<0.0001) (9).
Needleman and colleagues (1996) conducted a retrospective cohort study that
compared early life lead exposure to Child Behavioral Checklist scores (CBCL), a
measure of behavioral or emotional problems. Needleman’s study enrolled participants
who were already taking part in the Pittsburgh Youth Study, a prospective study aimed at
evaluating life-course delinquency. Needleman’s study found that children in the top 50th
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percentile of bone-lead levels had a two-fold increase in the odds of being classified as
aggressive compared to participants in the bottom 50th percentile (Odds Ratio: 2.18, 95%
CI: 1.03-4.6). Analysis of covariance showed that study participants in the top 50th
percentile for bone-lead levels had clinically significant issues with attention, aggression,
and delinquency, as evidenced by CBCL stratum scores, compared to study participants
in the top 50th percentile. Model covariates included: maternal IQ, maternal scholastic
achievement, SES, race, age of study participant, and Family Function, an index that
includes presence or absence of both parents, mother’s age at participant’s birth, and
number of children in the home (5).
Stretesky and Lynch (2001) published an ecological study that compared
estimated county-level air lead concentrations in the United States to the incidence of
county-level homicide. Negative binomial models adjusted for nine other environmental
pollutants, as well as six sociological variables associated with homicide. Of the ten
environmental pollutants included in the model, only lead was found to be statistically
associated with county level homicide, after controlling for pertinent sociological
variables (Incidence Rate Ratio: 4.11; 95% CI: 1.02– 16.61) (6).
In 1979 the Dietrich and colleagues began enrolling mother-infant pairs into the
Cincinnati Lead Study, an ongoing longitudinal study designed to evaluate the effects of
prenatal and postnatal lead exposure on growth and neurodevelopment. To date, more
than 300 mother-infant pairs have been enrolled in the Cincinnati Lead Study. Dietrich
and colleagues’ (2001), was the first published prospective cohort study that evaluated
the Lead Crime hypothesis using data from the Cincinnati Lead Study. Multiple linear
regression was used to predict delinquent acts by prenatal or post-natal lead exposure,
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after controlling for birth weight, SES, HOME score, and parental IQ. Model results
found that prenatal and postnatal lead exposure predicted delinquent behavior (ß = 0.192,
R2 = 0.049, p < 0.002; ß = 0.193, R2 = 0.055, p < 0.002). Analysis of covariance showed
that children classified with the highest levels of prenatal or post-natal lead exposure had
committed 2.3 - 4.5 more delinquent acts over the preceding 12-months, compared to
subjects in the lowest category, after controlling for birth weight, SES, HOME score, and
parental IQ (p < 0.02; p < 0.0007) (224).
Wright and colleagues (2008), using data from the Cincinnati Lead Study, were
the first to find a dose-response relationship between early life lead exposure and adult
criminality. Negative binomial regression was used to predict adult criminality associated
with prior childhood blood lead levels, after controlling for maternal IQ, sex, SES, and
maternal education. Model results found that for every 5 mcg/dL increase in early-life
blood lead levels, there was a 30 percent increased risk for being arrested for a violent
crime as an adult (Rate Ratio 1.30; 95% CI: 1.03, 1.64). Additionally, it was found that
for every 5 mcg/dL increase in blood lead levels taken at 6 years of age, there was a 48
percent increased risk for being arrested for a violent crime as an adult (Rate Ratio 1.48;
95% CI: 1.15, 1.89) (203).
Needleman and colleagues (2002) published a case-control study that compared
early life lead exposure to youth who had been criminally convicted, in Allegheny
County, PA. Cases were defined as having been arrested and adjudicated through the
Juvenile Justice System. Controls were non-delinquent high school students. Logistic
regression controlled for race, parental education, parental occupation, number of parents
in home, number of siblings in home, and neighborhood crime rate. After removing non-
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influential covariates, it was shown that criminally convicted youths had a 4-fold increase
in the odds of having elevated bone-lead levels (OR: 4.0; 95% CI: 1.4, 11.1).
Needleman’s study also showed that criminally convicted youth had mean bone lead
levels seven times higher compared to non-criminally convicted youths (11.0 ± 32.7 vs.
1.5 ± 32.1 ppm, p = 0.007) (225).
Nevin (2007) published a cross-sectional study which compared childhood lead
exposure from leaded-gasoline to temporal trends in international crime rates. Nevin’s
study showed that there was an approximate 18-23 year lag between the removal of
leaded gasoline and a significant reduction in violent crime. For example, a reduction in
pre-school lead levels in the United States, United Kingdom, Canada, Australia, New
Zealand, and West Germany statistically correlated to a reduction in murder rates 18
years later (R2 = 0.137, p < 0.0001) (226).
Braun and colleagues (2008) published a case-control study, using data from
NHANES, which compared childhood lead levels to symptoms consistent with a
diagnosis of conduct disorder. Logistic regression controlled for study subject’s age,
maternal age at birth, maternal cotinine levels, poverty-to-income ratio, subject sex,
subject race, and prenatal exposure to cigarette smoke. Blood lead levels were
categorized by quintiles. Model results showed that study subjects with symptoms
consistent with conduct disorder had increased odds of having early life elevated blood
lead levels, compared to study subjects without symptoms of conduct disorder (Odds
Ratio: 8.64; 95% CI: 1.87, 40.04) (226).
Mielke and Zahran (2012) published an ecological study which compared average
city lead air emissions to latent aggravated assault rates in six major US cities. Least

43

squares dummy variable regression was used to predict aggravated assault rates by
average air lead emissions measured in metric tons. Statistical models controlled for
income per capita and percent of the population between 15 and 24 years of age. Model
results found that for every metric ton of lead released into the air, twenty-two years later
there was a 0.46% increase in aggravated assaults. Additionally, the model explained
90% of the variation in the temporal trend of aggravated assaults over a twenty-two-year
period (ß = 0.458, R2 = 0.903, p < 0.001) (7).
Boutwell and colleagues (2016) published an ecological study which compared
the geographic distribution of blood lead levels per census tract to FBI designated violent
crime. Poisson regression was used to predict violent crime by percentage of elevated
blood lead levels per census tract. The model adjusted for a novel deprivation index,
which included pertinent measures of SES disadvantage. The final model found that
census tracts with the highest proportion of blood lead levels greater than 5 mcg/dL, had
an increased incidence of violent crime compared to census tracts with lower proportions
of elevated blood lead levels (Risk Ratio: 6.57; 95% CI: 2.89,17.18) (227).

8b. Gaps in the Research Exposure Assessment
Evidence from the biomedical literature suggests lead exposure may have a causal
relationship to violence. Lead is a persistent environmental neurotoxicant, that can
damage or destroy neurons through a variety of complex genetic and cellular pathways
(10, 201). Prenatal lead exposure may also damage fetal development of the serotonergic
system, which has been associated with violent behavior (10, 228). Nuclear imaging
studies have illustrated relationships between pediatric and occupational lead exposure,
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and reductions in brain volume, especially the prefrontal cortex (202, 204, 205). Nuclear
imaging studies have also associated abnormalities of the prefrontal cortex to numerous
psychiatric and cognitive effects as well as criminal activity (12, 13, 203).
Since the 1990’s there have been numerous epidemiological studies exploring
early life lead exposure and subsequent criminality. However, as of this date, none of
these studies have evaluated whether neighborhood trends in violent crimes are
geospatially correlated to soil lead content, a major risk factor for pediatric lead exposure
(195, 199). Additionally, there has been limited use of the Kulldorff spatial scan statistic
a validated method for cluster analysis, to detect neighborhoods with increased risk for
violent crimes (229-231). Given the innate neurotoxic effects of lead and its association
to crime, it may be of interest to determine if neighborhoods with identified clusters of
violent crime also have disproportionate levels of lead in the soil.

45

III. METHODS
1. Background Investigation
A preliminary investigation into the geospatial distribution of elevated blood lead
levels in children aged 0 to 17 years was conducted prior to the assessment of topsoil lead
content. Approval for this preliminary investigation was received from the University of
Louisville’s Institutional Review Board; IRB #: 17.1133. Following IRB approval, a
blood lead dataset was received from the Louisville Metro Department of Health and
Wellness. The blood lead dataset (n=26,027) covered the years 2007 through 2016, and
contained street address and zip code, date of blood draw, and blood lead level reported
as mcg/dL.
This background investigation hypothesized that there would be a clustering of
elevated blood lead levels geospatially correlated to Jefferson County census tracts
(n=191) that have a high proportion of pre-1950 housing. A pin map was created using
Esri ArcGIS v.10.4. Shapefiles of Jefferson County, KY were downloaded from the U.S.
Census Bureau’s Topographically Integrated Geographic Encoding and Referencing Line
database (TIGER/Line). Pre-1950 housing data was downloaded from the U.S. Census
Bureau’s American Community Survey. Pre-1950 housing data was classified by
quantiles for choropleth mapping. Cluster analysis of elevated blood lead levels was
assessed by the Kulldorff spatial scan statistic, a Poisson-based space-time scan statistic
employed by SaTScan v.9.1.1

46

Data procured from the Louisville Metro Department of Health and Wellness
between the years 2007 and 2016 included 26,027 blood lead levels from children
residing in Jefferson County. Of these 26,027 data points, 2,244 (8.62%) exceeded the
current CDC standard for acceptable blood lead levels which is 5mcg/dL (Table 1 –
Appendix A).
While the majority of serum lead testing were below the current CDC guidelines,
a non-uniform distribution of elevated pediatric blood lead levels was found in Jefferson
County. An area of increased risk in the northwestern census tracts of Jefferson County
was identified by the Kulldorff spatial scan statistic (Relative Risk: 8.55). This area of
increased risk appears to be spatially correlated to percent pre-1950 housing per census
tract. The pin map used for analysis via the Kulldorff spatial scan statistic is not included
in the appendix given the map is based on specific geographic locations; only those areas
of increased risk identified by the Kulldorff spatial scan statistic are portrayed on a
choropleth map of percent pre-1950 housing per Jefferson County census tracts
(Illustration 1 – Appendix B).

2. Dissertation: Study Design
Following the background investigation, an ecological study was conducted to
evaluate the geospatial association between topsoil lead content and the incidence of FBI
designated violent crime. University of Louisville IRB waived review of this study’s
protocol as the methods described herein do not meet the legal requirements for IRB
review defined under 45 CFR 46.101.
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3. Methods Specific to Aim 1
3a. Crime Map
To evaluate the distribution of violent crimes in Jefferson County, a series of pin
maps and kernel density heat maps were created using Esri ArcGIS v.10.4. Shapefiles of
Jefferson County, KY were downloaded from the U.S. Census Bureau’s Topographically
Integrated Geographic Encoding and Referencing Line database (TIGER/Line). The
latitude and longitude of violent crimes reported during calendar years 2012 through
2016 were obtained from the Louisville Metro Police Department - Crime Information
Center.

3b. Statistical Methods for Cluster Analysis
Cluster analysis of violent crimes was assessed by the Kulldorff spatial scan
statistic, a Poisson-based space-time scan statistic employed by SaTScan v.9.1.1.
Multiple cluster analyses were completed for each violent crime type. To control for the
background population, the estimated census-tract-level population was downloaded
from the U.S. Census Bureau’s 2014 American Community Survey 5-year estimates.
Clusters of increased risk as defined by the Kulldorff spatial scan statistic were then
overlaid as hollow-filled buffers in ArcGIS. For the purposes of this dissertation, only
statistically significant clusters of increased risk, defined as p-values ≤ 0.05, were
illustrated.
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4. Methods Specific to Aim 2
To investigate the geospatial association between topsoil lead content and violent
crime, soil was collected from high crime and low crime neighborhoods in Jefferson
County, Kentucky. All topsoil samples were collected from four predefined collection
areas. Within each collection area, topsoil samples were collected along the Edge Zone
(i.e. utility strip), and from play areas within predetermined Louisville Metro Parks.

4a. Four Predetermined Collection Areas – Selecting High Crime and Low Crime
Clusters for Topsoil Sampling
All soil samples were collected from four predefined collection areas. High crime
areas were identified using the Kulldorff spatial scan statistic. The highest risk areas for
each violent crime classification were concentrated in the northwest neighborhoods of
Jefferson County. The shared geographical area of these high crime clusters was
designated as the Study Area, which served as the first soil collection area.
The three Control Areas were established based upon their low to expected rates
of violent crime as identified by the Kulldorff spatial scan statistic. All control areas had
equal geospatial diameters of 6.02 kilometers, which equals the diameter of the cluster of
homicides associated with the Study Area. The three control areas were also selected for
differing cardinal directions, relative to the Study Area. The three control areas are
designated the Northeast Control Area, Southeast Control Area, and the Southwest
Control Area (henceforth collectively referred to as Control Areas, when applicable). The
Control Area diameters of 6.02 kilometers allowed for adequate selection of Louisville
Metro Parks.
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4b. Top Soil Lead Assessment
One-inch cores, approximately 10 grams of topsoil, were extracted using the ESS
Lock N’ LoadTM system produced by AMS Incorporated. After extraction, the soil
syringe, a disposable component of the Lock N’ LoadTM system, was capped and labeled
with a pre-stablished study identification number. Topsoil that had been recently sodded
and/or excavated was not considered for collection. Soil sampling was conducted over a
two-month period in June and July of 2018. All soil samples were shipped to Elemental
Analysis Inc. in Lexington, Kentucky for further analysis.
Soil lead content was determined by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), a geochemical instrument used to detect analyte elemental
components (232). ICP-MS is a multistage process that begins with introducing an
aerosolized analyte into an argon plasma torch. The plasma torch deconstructs the analyte
into component ions. These singularly charged component ions are then filtered in a mass
spectrometer, which identifies the ions based upon their mass-to-charge ratio. The ions,
separated by their respective atomic masses enter an electron multiplier. The electron
multiplier creates a cascade of measurable electrons, which is evaluated by software to
determine elemental concentrations, based upon pre-established calibration measures
(233).

Edge Zone Soil Sampling
Topsoil extraction was taken from Edge Zone areas within each census tract from
the four collection areas. Edge zones, sometimes referred to as utility strips, are defined
as the government owned non-paved property directly adjacent to paved roads. Topsoil
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samples from the Edge Zones were extracted between 12-36 inches from the street curb.
All samples were taken along pre-identified streets from the U.S. Census Bureau’s
TIGER/Line Roads shapefile. A random sampling of streets was conducted for each
census tract located within each collection area. After street selection, Edge Zone
locations were identified based upon a random selection of available locations suitable
for topsoil collection. Randomization was carried out using the sample function in R
version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria)(234).
A total of 300 topsoil samples were collected, 120 from the Study Area, and 60
from each Control Area. Collecting twice as many soil samples from the Study Area is an
unbiased method to better evaluate the soil lead content within our primary area of
concern (high crime neighborhoods), as well as account for the anticipated higher
variability in this region, relative to the Control Areas.

Louisville Metro Parks Soil Sampling
Topsoil was also extracted from Louisville Metro Parks found within each
collection area. A total of 28 parks was selected for soil sampling. A random selection of
10 parks was made from the 36 parks located in the Study Area, using the sample
function in R (234). Additionally, the Northeast Control Area, Southeast Control Area,
and the Southwest Control Area contributed 10, 3, and 5 parks respectively, which were
the total number of Louisville Metro Parks in these collection areas. A total of 112 soil
samples, 4 from each of the 28 parks, were collected for this specific analysis. Topsoil
was extracted from play areas identified as bare topsoil from high foot traffic areas, or the
presence of play equipment (e.g. swing set, jungle gym).
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4c. A Priori Power Calculations
A priori power calculations for one-way, fixed effects analysis of variance
(ANOVA) was conducted using G*Power v.3.1. Sample size n was calculated as a
function of the power (1- "), the significance level (#), and the estimated effect size f
from Cohen (1988) (235). The subsequent power analyses specified a " of 0.20, and an #
of 0.05. The effect size f was calculated given our assumptions concerning the mean and
standard deviation of the soil lead content; these assumptions are described below.
The first assumption is that there is a diffusion pattern in soil lead content from
the Study Area, which exists in the urban core, to the suburban Control Areas. This first
assumption is based on a review of the scientific literature, which has documented
diffusion patterns of soil lead content from urban and suburban locations (236-238).
A second assumption was that the Study Area would have an approximate mean
soil lead content three times higher than the Control Areas (e.g. 300 mg/kg vs. 100
mg/kg); and that the estimated overall standard deviation would be 300 mg/kg. This
second assumption is a conservative estimate given a review of the soil-lead literature,
which has found that mean urban soil lead levels are 2-10 times higher than their
suburban counterparts (239).

Edge Zone
Given the aforementioned assumptions, as well as using an uneven sampling
scheme (twice as many samples from the Study Area as each Control Area), the
estimated effect size f is 0.3265. Cohen (1988) suggests that an effect size of 0.3265 is a
medium to moderate effect size; that is, the standard deviation of the overall population is
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0.3265, the size of the standard deviation of observations within the populations. From
this, an $ 2, a generalization of Pearson’s r2, of 0.0963 is theoretically detectable (235).
Using G*Power v.3.1, fixed effects ANOVA, where # = 0.05, " = 0.20, and an
effect size of 0.3265, a total sample size of 108 would achieve a power of 80.75%. For
this analysis, a total of 300 edge zone soil samples were collected.

Louisville Metro Parks
Given the aforementioned assumptions, as well as an unequal sample sizes
between the Study Area (n = 40) and the Control Areas (ni = 40, 12, 20), the estimated
effect size f is 0.3194. Cohen (1988) suggests that an effect size of 0.3194 is a medium to
moderate effect size; that is, the standard deviation of the overall population is 0.3194 the
size of the standard deviation of observations within the populations. From this, an $ 2 of
0.0925 is theoretically detectable (235).
Using G*Power v.3.1, fixed effects ANOVA, where # = 0.05, " = 0.20, and an
effect size of 0.3194, a total sample size of 112 would achieve a power of 80.47%. For
this analysis, a total of 112 were collected from the Louisville Metro Parks.
Upon review of the park topsoil collection locations, it was determined that the
four samples from the Northeast Control Area (E.P. Tom Sawyer Park) were collected
outside of the official study boundary. Because of this, these four topsoil samples were
not included in any statistical analysis. A revised power analysis based upon an updated
effect size of 0.3219 showed that a total sample size of 108 would achieve a power of
81.14%.
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4d. Statistical Methods for Comparing Soil Lead Content Between Soil Collection
Areas
A systematic multi-stage approach was used to evaluate soil lead content between
the soil collection areas. Because the soil lead data was intractably linked to a spatial
location, concern for spatial dependence (i.e. spatial autocorrelation) was observed. To
evaluate for spatial dependence, a spatially weighted Moran’s I test was employed (240).
Residual spatial dependence was identified in both Edge Zone and Louisville Metro Parks
soil samples. Therefore, the independence assumption of ANOVA was not met. To
evaluate soil lead content between soil collection areas spatially weighted linear models
were used. Model specification was determined by the Lagrange Multiplier test (241).
Based on the results from the Lagrange Multiplier test a spatial error model was used to
evaluate Edge Zone, and Louisville Metro Parks topsoil lead content between the four
soil collection areas.
Both the spatially weighted Moran’s I test and the Lagrange Multiplier test,
lm.morantest and lm.LMtests respectively, were employed using the ‘spdep’ package in R
(242, 243). Since the dependent variable ‘Soil Lead Content’ was not normally
distributed it was log transformed in the analysis. Regression coefficients and confidence
intervals were back transformed using the exponential function to return effects to their
original measurement scale.

5. Methods Specific to Aim 3
To further explore the geospatial association between topsoil lead content and FBI
designated violent crime, a spatially weighted Poisson regression model was constructed
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using census-tract-level variables. For this analysis census-tract-level data were
constrained to Jefferson County census tracts within each of the four topsoil collection
areas. Therefore, 108 of the 191 census tracts were retained for this analysis.

5a. Dependent Variable, Primary Predictor and Covariates of Interest
The latitude and longitude of FBI designated violent crime events reported during
calendar years 2012 through 2016 were obtained from the Louisville Metro Police
Department - Crime Information Center. A total of 21,097 violent crime events were
mapped using Esri ArcGIS v.10.4 onto the 191 census tracts that make up Jefferson
County, KY. For the response variable, violent crime events, only those events which
occurred in one of the 108 census tracts that made up the four topsoil collection areas
were considered. This spatial reduction retained a total of 12,710 violent crime events for
inclusion in this analysis.
The primary predictor for this analysis was topsoil lead content. To evaluate the
predictive effect of topsoil lead content on the incidence of violent crime, an interpolated
topsoil lead content variable was created by Empirical Bayesian Kriging, within Esri
ArcGIS v.10.4. This method used the 300 edge-zone topsoil lead measurements collected
in Aim 2 to model the soil lead level at all locations within the four soil collection areas.
Within each census tract, these were averaged across all locations to produce an estimate
for the mean topsoil lead level of that census tract. The interpolated mean topsoil lead
content was then used as the primary predictor for this analysis.
A review of the literature showed that median household income, percent female
head of household, percent of households living in poverty, percent of households with
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dependents under 18-years of age, percent of households receiving food stamps, percent
black population, percent of the population with a bachelor’s degree, and percent of the
male population 15-24 years of age were important census-tract-level predictors of crime
and/or socioeconomic deprivation (244-248). Jefferson County census-tract-level data for
these eight variables were downloaded from the 2014 American Community Survey 5year estimates. Principal components analysis was then used to create a census-tract
features index from the aforementioned census-tract-level variables, excluding percent of
the male population 15-24 years of age. This exclusion was based on evidence from the
literature, which indicates that percent of the male population between 15-24 years of age
is an important predictor of violent crime (247, 249). Therefore, this variable was
included in the final model as an independent covariate separate from the census-tract
features index.
The inclusion of a census-tract features index via principal components analysis
reduced the number of variables for inclusion into a full model, while simultaneously
retaining a preponderance of census-tract-level covariate information. Additionally, the
use of principal component analysis accounted for any multicollinearity between the
census-tract-level variables. The final census-tract features index included in the full
model was constrained to the first three principal components, which explained 90% of
the variance within the seven variables (Table 2 – Appendix A).
It is worth considering which variables load on each principal component of the
census-tract features index. The rotation scores of the retained principal components (PC)
guided the interpretation of these summaries. The first PC (PC1) was associated with
high median household income, high percentage of bachelor’s degrees, low percentage of

56

black population, low percentage of female head of household, low percentage of
household receiving food stamps, and low percentage of household living in poverty (all
in roughly equal weight). Because of this, PC1 is referred to as neighborhood advantage.
The majority of variance in the second principal component (PC2) was explained by high
median household income and high percentage of households with children less than 18
years of age. Because of this, PC2 is referred to as family neighborhoods. Finally, the
majority of the remaining variance in principal component 3 (PC3) was explained by
percent of the population without a bachelor’s degree, therefore PC3 is referred to as low
college graduates (Table 3 - Appendix A).

5b. Statistical Methods
A Bayesian sparse spatial generalized linear mixed model (SGLMM) was used to
examine the statistical relationship between FBI designated violent crimes and topsoil
lead content, while adjusting for the census-tract-level census-tract features index and
spatial confounding (250). A sparse SGLMM included an adjacency matrix which
accounted for the inherent spatial dependence within the four topsoil collection areas.
Spatial adjacency was defined by queen contiguity, which defined census tracts as
neighbors in the presence of a shared boarder (251).
For this analysis a Poisson based sparse SGLMM was used with an offset, where
the offset was defined as 2014 American Community Survey 5-year estimates censustract-level population data. This offset effectively transformed the response variable,
violent crime events per census tracts, into per capita rates of violent crimes. To evaluate
the predictive effect of the interpolated mean topsoil lead levels and on violent crime rate,
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two models were used: a marginal model and a full model. Both models used the
interpolated mean topsoil lead level as the primary predictor, however the full model
included the census-tract features index and the percentage of young males 15-24 years
of age per census tract, to account for confounding between topsoil lead, crime, and other
neighborhood features.
Both the marginal and full model were used to examine the predictive effect of
topsoil lead content on violent crime events. Additionally, both models were used to
predict each violent crime type: aggravated assault, robbery, forcible rape, and homicide.
Model coefficients were exponentiated to produce relative risks (RR) and the
corresponding 95% credible intervals (the Bayesian equivalent to ‘confidence intervals’).
For ease of interpretation, lead coefficients were multiplied by100 prior to exponentiating
to represent an effect per every 100-unit increase in mean topsoil lead levels.
Additionally, principle component scores were standardized to have mean zero and unit
standard deviation. Finally, point estimates and 95% credible intervals will be reported to
reflect at least two significant digits.
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IV. RESULTS
1. Specific Aim 1 Results: Use Geographic Information Systems (GIS) to Examine the
Geospatial Distribution of Violent Crime throughout Jefferson County, KY
Crime data received from the Louisville Metro Police Department Crime
Information Center showed 21,097 FBI designated violent crimes between January 1,
2012 and December 31, 2016. The most common violent crime during this time period
was aggravated assault. The least common violent crime during this time period was
homicide. Descriptive statistics for the number and type of violent crimes per census tract
in Jefferson County can be found in Table 1. Due to the zero counts for some census
tracts, the geometric mean is calculated using exp( n^{-1} sum log(xi+1) )-1.

Table 1.

FBI Violent Crimes per Jefferson County Census Tracts between
January 1, 2012 and December 31, 2016

Crime Type

N (%)

Geometric
Mean

Min

P25

Med

P75

Max

Aggravated
Assault

12,050 (57.1%)

33.63

0

13

40

91

549

Robbery

7,465 (35.3%)

19.42

0

7

24

56

294

Forcible
Rape

1,215 (5.7%)

4.28

0

2

5

9

54

Homicide

367 (1.7%)

1.01

0

0

1

3

18

All Crime
Events

21,097

60.11

0

22

75

152.5

905

Min, minimum; P25, 25th percentile; Med, median; P75, 75th percentile; Max, maximum count
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FBI designated violent crime is non-randomly distributed throughout Jefferson
County, Kentucky. The Kulldorff spatial scan statistic identified multiple statistically
significant clusters of aggravated assault, robbery, forcible rape, and homicide, while
controlling for census-tract-level population density. These non-uniform distributions of
violent crime were disproportionately located in the northwestern census tracts of
Jefferson County. Additionally, among the multiple areas of increased risk identified by
the Kulldorff spatial scan statistic for each crime type, the highest areas of increased risk
(i.e. Relative Risk) were also spatially correlated in the northwestern census tracts of
Jefferson County (Illustrations 1-4). The shared space of the highest areas of risk for each
violent crime type was designated the Study Area, while areas without any increased risk
for violent crime became the Control Areas (Illustration 5).
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Illustration 1.

Aggravated Assaults in Jefferson County, Kentucky
January 1, 2012 - December 31, 2016
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Aggravated Assaults
per Census Tracts
Aggravated Assault
Relative Risk: 5.59
Relative Risk: 2.39
Relative Risk: 2.19
Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files & LMPD Crime Information Center

Relative Risk: 1.44

Illustration 2.

Robberies in Jefferson County, Kentucky
January 1, 2012 - December 31, 2016
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Robberies per Census Tracts
Robbery
Relative Risk: 5.72
Relative Risk: 4.45
Relative Risk: 2.46
Relative Risk: 1.66
Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files & LMPD Crime Information Center

Illustration 3.

Forcible Rape in Jefferson County, Kentucky
January 1, 2012 - December 31, 2016
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Forcible Rape
per Census Tracts
Forcible Rape
Relative Risk: 4.22
Relative Risk: 4.07
Relative Risk: 2.27
Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files & LMPD Crime Information Center

Relative Risk: 1.68

Illustration 4.

Homicides in Jefferson County, Kentucky
January 1, 2012 - December 31, 2016
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Homicides per Census Tracts
Homicide
Relative Risk: 8.97
Relative Risk: 2.72

Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files & LMPD Crime Information Center

Illustration 5.

Soil Collection Areas in Jefferson County
Study Area and Control Areas

Study Area

Northeast Control Area
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Southeast Control Area
Southwest Control Area

Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files & LMPD Crime Information Center

2. Specific Aim 2 Results: Quantify and Record Topsoil Lead Concentrations in
Neighborhoods of Jefferson County, KY with High Crime Rates, and Low to Normal
Crime Rates
Results from ICP-MS showed that Edge Zone topsoil samples from the Study
Area had a higher median soil lead content compared to Edge Zone topsoil samples from
the three Control Areas. The geometric mean topsoil lead content for the Study Area was
157.28 mg/kg. The Northeast control area had the next highest geometric mean topsoil
lead content of 43.34 mg/kg. Descriptive statistics for Edge Zone topsoil lead content by
collection area are reported in Table 2.

Table 2.

Edge Zone Topsoil Lead Content by Collection Area

Collection
Area
Study

n

Geometric
Mean

Min

P25

Med

P75

Max

120

157.28

16

97.5

180

262

4000

Northeast

60

43.34

9.7

26.50

44

68.25

620

Southeast

60

17.30

3.2

11.74

14

24

170

Southwest

60

24.44

3.2

10

25

56

270

Min, minimum; P25, 25th percentile; Med, median; P75, 75th percentile; Max, maximum count
Table values reported in mg/kg

ICP-MS also showed that the mean topsoil lead content from the Louisville Metro
Parks was higher in the Study Area compared to the three Control Areas. The geometric
mean topsoil lead content for the Study Area parks was 103.05 mg/kg. The Northeast
control area had the next highest geometric mean topsoil lead content of 23.62 mg/kg.
Descriptive statistics for Louisville Metro Parks topsoil lead content by collection area
are reported in Table 3.
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Table 3. Louisville Metro Parks Topsoil Lead Content by Collection Area
Collection Area

n

Study

40

Geometric
Mean
103.05

Northeast

36

Southeast
Southwest

Min

P25

Med

P75

Max

34

12

14.5

20

670

23.62

7.7

15

21

35.25

71

12

12.91

7.7

11.75

13

14.25

22

20

15.72

9.5

12

14.5

20

48

Min, minimum; P25, 25th percentile; Med, median; P75, 75th percentile; Max, maximum count
Table values reported in mg/kg

Results from the spatial error model showed that the mean topsoil lead content
from the Edge Zones data was statistically significantly higher in the Study Area
compared to the mean topsoil lead content in the referent Southeast Control Area. Model
results estimated an 8-fold increase in Study Area topsoil lead content compared to the
referent Control Area (Study Area exponentiated results: ! = 8.25, 95% CI = (5.12,
13.27), p-value < 0.001). Model results also estimated a 2.4-fold increase in Northeast
topsoil lead content compared to the referent Control Area (Northeast Area
exponentiated results: ! = 2.43, 95% CI = (1.55, 3.81), p-value < 0.001).
Spatial error modeling also showed that the mean topsoil lead content from the
Louisville Metro Parks was statistically significantly higher in the Study Area compared
to the mean topsoil lead content in the referent Southeast Control Area. Model results
also estimated an 8-fold increased difference in Study Area topsoil lead content compared
to the referent Control Area (Study Area exponentiated results: ! = 8.06, 95% CI = (4.76,
13.67), p-value < 0.001).
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The spatial error model results for both the Edge Zones and Louisville Metro
Parks can be found in Table 4. The relationship between topsoil collection location and
soil lead content is further demonstrated in Illustrations 6 and 7.

68

Table 4.

Results Spatial Error Models for Edge Zone and Louisville Metro Parks Soil Samples
Edge Zone Soil Samples

Coefficients
Intercept
16.79
Locations (multiplicative effect)
Southeast
ref
Southwest
1.35
Northeast
2.43
Study
8.24

Louisville Metro Parks Soil Samples

95% CI
(10.49, 26.88)

P-value
< 2.2e-16

-(0.80, 2.29)
(1.55, 3.81)
(5.12, 13.27)

-0.2551
0.0001
< 2.2e-16

* Table coefficients have been exponentiated back to their original measurement scale
95% CI, 95% confidence interval

Coefficients
95% CI
12.70
(8.02, 20.09)
Locations (multiplicative effect)
ref
-1.27
(0.69, 2.32)
1.72
(1.03, 2.89)
8.06
(4.76, 13.67)

P-value
< 2.2e-16
-0.43068
0.03763
8.66e-15
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Illustration 6.

Edge Zone Topsoil Lead Content by Soil Collection Area

Study Area

Northeast Control Area

70

Southeast Control Area
Southwest Control Area

Topsoil Lead Content in mg/kg
Categorized by Quantiles
3 - 17
18 - 52
53 - 150
151 - 4000
Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files & LMPD Crime Information Center

Illustration 7.

Louisville Metro Parks Topsoil Lead Content by Soil Collection Area

Study Area

Northeast Control Area

71

Southeast Control Area
Southwest Control Area

Topsoil Lead Content in mg/kg
Categorized by Quantiles
8 - 15
16 - 34
35 - 87
88 - 670
Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files

Additional investigation of samples exceeding 400 mg/kg, the EPA threshold for
soil lead content in designated play areas, was considered (179). Within the Study Area,
these 15 high lead measurements represent 9.4% of the 160 samples collected, in
comparison to 1.04% of the 96 samples collected in the Northeast Control Area. The
Southwest and Southeast Control Areas had zero samples exceeding 400 mg/kg. (Table 5
and Illustration 8).

Table 5.
Sample
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10
Sample 11
Sample 12
Sample 13
Sample 14
Sample 15
Sample 16

Topsoil Samples Exceeding 400 mg/kg
Collection Area

Soil Lead Level

Edge Zone / Park

Study
Study
Study
Study
Study
Study
Study
Study
Northeast
Study
Study
Study
Study
Study
Study
Study

4000 mg/kg
2300 mg/kg
1000 mg/kg
870 mg/kg
740 mg/kg
690 mg/kg
670 mg/kg
650 mg/kg
620 mg/kg
590 mg/kg
540 mg/kg
470 mg/kg
460 mg/kg
460 mg/kg
420 mg/kg
420 mg/kg

Edge Zone
Edge Zone
Edge Zone
Edge Zone
Edge Zone
Edge Zone
Park
Edge Zone
Edge Zone
Edge Zone
Edge Zone
Edge Zone
Edge Zone
Edge Zone
Edge Zone
Edge Zone
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Illustration 8.

Topsoil Lead Levels Greater than 400 mg/kg by Soil Collection Area

Study Area

Northeast Control Area

73

Southeast Control Area
Southwest Control Area

Topsoil Lead Content in mg/kg
Categorized by Quantiles
420 - 460
461 - 620
621 - 870
871 - 4000
Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files

3. Specific Aim 3 Results: Examine the Statistical Relationship Between the Spatial
Distribution of FBI Designated Violent Crime and Topsoil Lead Concentrations,
Adjusting for Pertinent Census-Tract-Level Variables in Jefferson County, Kentucky.
Results of the marginal Poisson based sparse SGLMM showed that for every 100unit increase in mean topsoil lead content, there was a 1.62 (95% CI: 1.59, 1.68) times
increase in the risk of FBI designated violent crime. Results from the full model showed
that for every 100-unit increase in mean topsoil lead content, there was a 1.05 (95% CI:
1.03, 1.08) times increase in the risk of FBI designated violent crime, after adjusting for
the percent of young males 15-24 years of age, as well as the first three principal
components of the census-tract features index (Table 6).
Model results also showed that for every one percentage point increase in the
population of males 15-24 years of age per census tract, there was a non-significant 1.003
(95% CI: 0.99, 1.01) times increase in the risk of FBI designated violent crime,
controlling for all other independent variables. Additionally, the census-tract features
index showed that for every one standard deviation increase in PC1-neighborhood
advantage, there was a 0.32 (95% CI: 0.30, 0.33) times reduction in the risk of FBI
designated violent crime, after controlling for all other independent variables. Similarly,
model results showed that a one standard deviation increase in PC2-family
neighborhoods resulted in a 0.70 (95% CI: 0.68, 0.72) times reduction in the risk of FBI
designated violent crime, after controlling for all other independent variables. Finally,
model results showed that a one standard deviation increase in PC3-low college
graduates, resulted in a 1.09 (95% CI: 1.06, 1.12) times increase in the risk of FBI
designated violent crime, after controlling for all other independent variables (Table 6).
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Table 6.
Marginal Model Characteristic
†
Mean topsoil lead level
Full Model Characteristics
†
Mean topsoil lead level
Males 15-24 years of age
Census-tract features index
PC1 - Neighborhood advantage
PC2 - Family neighborhoods
PC3 - Low college graduates

All Crime Events
RR

95% CI

1.62

(1.59, 1.68)

1.05
1.00

(1.03, 1.08)
(0.99, 1.01)

0.32
0.70
1.09

(0.30, 0.33)
(0.68, 0.72)
(1.06, 1.12)

RR, Relative Risk; 95% CI, 95% Credible Interval; PC, Principal Component
†
RR for 100 mg/kg increase in the topsoil lead levels
Table results rounded to two decimal places

Sub-analysis was then performed to evaluate the effect of the mean topsoil lead content
on the incidence of each violent crime type: aggravated assault, robbery, forcible rape,
and homicide. Results from the marginal models showed that every 100-unit increase in
mean topsoil lead content was associated with a 1.63 (95% CI: 1.58, 1.69) times increase
in the risk of aggravated assault, a 1.61 (95% CI: 1.56, 1.68) times increase in the risk of
robbery, a 1.55 (95% CI: 1.46, 1.65) times increase in the risk of forcible rape, and a 1.75
(95% CI: 1.63, 1.89) times increase in the risk of homicide. After controlling for the
census-tract features index and percent males 15-24 years of age, results from the full
models showed that every100-unit increase in mean topsoil lead content was associated
with a 1.04 (95% CI: 1.01, 1.07) times increase in the risk of aggravated assault, a 1.05
(95% CI: 1.01, 1.10) times increase in the risk of robbery, a 1.12 (95% CI: 1.04, 1.23)
times increase in the risk of forcible rape, and a 1.20 (95% CI: 1.07, 1.34) times increase
in the risk of homicide (Table 7). The effects of the other predictors are relatively similar
across crime-type and consistent with the results from the analysis using all crime events
(Table 6).
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Table 7.

Aggravated Assault

Robbery

Forcible Rape

Homicide

RR

95% CI

RR

95% CI

RR

95% CI

RR

95%CI

1.63

(1.58, 1.69)

1.61

(1.56, 1.68)

1.55

(1.46, 1.65)

1.75

(1.63, 1.89)

1.04
0.99

(1.01, 1.07)
(0.98, 1.00)

1.05
1.01

(1.01, 1.10)
(0.99, 1.01)

1.12
1.02

(1.04, 1.23)
(1.00, 1.04)

1.20
0.98

(1.07, 1.34)
(0.94, 1.01)

0.30
0.74
1.13

(0.28, 0.32)
(0.72, 0.77)
(1.09, 1.17)

0.33
0.63
1.06

(0.31, 0.36)
(0.61, 0.66)
(1.01, 1.11)

0.46
0.72
1.06

(0.40, 0.52)
(0.66, 0.78)
(0.96, 1.16)

0.34
0.91
1.04

(0.27, 0.42)
(0.77, 1.08)
(0.86, 1.23)

Marginal Model
†

Mean topsoil lead level

Full Model
†
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Mean topsoil lead level
Males 15-24 years of age
Census-tract features index
PC1: Neighborhood advantage
PC2: Family neighborhoods
PC3: Low college graduates

RR, Relative Risk; 95% CI, 95% Credible Interval; PC, Principal Component
†
RR for 100 mg/kg increase in the topsoil lead levels
Table results rounded to two decimal places

4. Summary
FBI designated violent crime is not evenly distributed across Jefferson County,
KY. The Kulldorff spatial scan statistic identified multiple statistically significant clusters
of aggravated assault, robbery, forcible rape, and homicide, while controlling for censustract-level population density. Census tracts with higher than expected rates of violent
crime were disproportionately located in the northwestern Jefferson County. The shared
space of high crime census tracts was designated the Study Area, while three areas with
expected to low rates for violent crime became the Control Areas
Evaluation of the topsoil lead content showed that the Study Area had an
approximate 8-fold increase in topsoil lead content compared to the referent Control
Area. After controlling for pertinent census-tract-level variables (median household
income, percent female head of household, percent of households living in poverty,
percent of households with dependents under 18-years of age, percent of households
receiving food stamps, percent of the population that is black, percent of the population
with a bachelor’s degree, and percent of the male population 15-24 years of age), every
100-unit increase in mean topsoil lead content was associated with a 1.05 (95% CI: 1.03,
1.08) increased risk for violent crime events. Additionally, after controlling for the
aforementioned variables, every 100-unit increase in mean topsoil lead content was
associated with an a 1.04 (95% CI: 1.01, 1.07) times increase in the risk of aggravated
assault, a 1.05 (95% CI: 1.007, 1.10) times increase in the risk of robbery, a 1.12 (95%
CI: 1.04, 1.23) times increase in the risk of forcible rape, and a 1.20 (95% CI: 1.07, 1.34)
times increase in the risk of homicide.
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Results from the Spatial error models showed an inverse soil-lead concentration
gradient from the urban-to-suburban environments (i.e. Study Area to Control Areas). For
example, topsoil samples collected from the Study Area (i.e. urban center) had an
approximate 8-fold increase in lead content compared to the referent Southeast Control
Area, whose geometric center was 23.73 kilometers from the geometric center of the
Study Area. Topsoil samples collected from the Northeast Control Area, whose
geometric center was 12.79 kilometers from the geometric center of the Study Area, had
an approximate 2-fold increase soil lead content compared to the referent Southeast
Control Area. Finally, topsoil samples collected from the Southwest Control Area, whose
geometric center was 19.20 kilometers from the geometric center of the Study Area, had
an a non-significant 1.35-fold increase in soil lead content compared to the referent
Southeast Control Area (Tables 4 and 5 – Appendix A). This inverse soil-lead
concentration gradient from the urban-to-suburban environments can be further evaluated
by the interpolated mean topsoil lead levels per soil collection areas (Illustration 9).
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Illustration 9.

Interpolated Mean Topsoil Lead Levels per Soil Collection Area
Jefferson County, Kentucky

Northeast Control Area

Study Area
12.79 km

Interpolated Mean
Soil Lead Levels:
Results in mg/kg
11.59 - 12.66
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12.67 - 14.68

19.20 km

14.69 - 18.52
18.53 - 25.81

23.73 km

25.82 - 39.61
39.62 - 65.78
65.79 - 115.39
115.4 - 209.43
209.44 - 387.72
387.73 - 725.7
Geographic Center

Southwest Control Area

Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files

Southeast Control Area

V. DISCUSSION
This ecological study further assessed the lead-crime hypothesis by evaluating the
association between topsoil lead content and FBI designated violent crime. Specifically,
the primary objective of this study was to assess whether there is a geospatial association
between lead contaminated topsoil and the incidence of FBI designated violent crime in
Jefferson County, KY. While this study produced numerous maps, and found statistically
significant relationships between crime, topsoil lead content, and measures of
socioeconomic deprivation, all results should be interpreted with caution. The ecological
nature of this study merely provides evidence in support for continued research on the
impact of environmental lead exposure and violent crime.

1. The Distribution of Violent Crime in Jefferson County, Kentucky
Specific Aim 1 was designed to evaluate the geospatial distribution of FBI
designated violent crime in Jefferson County, KY. To do this, crime data was obtained
from the Louisville Metro Police Department, then analyzed using ArcGIS and
SaTScan’s Poisson based Kulldorff spatial scan statistic. The highest risk area associated
with each violent crime type overlapped substantially in the northwestern census tracts of
Jefferson County. The shared geographic areas of highest risk for each violent crime
type, designated the Study Area, was comprised of census tracts located in or around the
commercial center of downtown Louisville, the county seat. The non-uniform distribution
of FBI designated violent crime in Jefferson County is not unexpected given evidence
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from prior research which has shown that violent crime typically clusters in the urban
center of a city (245, 252). Urban violence has been associated with demographic
measures of socioeconomic deprivation, as well as the proportion of young males 15-24
years of age, the demographic most at-risk for perpetrating violence (253-255).
In Jefferson County, the top quantiles for census-tract-level measures of
socioeconomic deprivation and violence, such as percent of households in poverty,
percent female head of household, and percent young males 15-24 years of age, are
predominantly located in the northwestern side of the county, many of which make up the
census tracts of the Study Area (Illustrations 2-4 – Appendix B). Conversely, the top
quantiles for census-tract-level measures of socioeconomic advantage, such as percent of
the population with a bachelor’s degree, and median household income, are
predominantly located on the northeastern and southeastern side of the county, almost
entirely outside of the Study Area (Illustrations 5 and 6 – Appendix B).
While there are likely many unknown reasons for the distribution of violence in
Jefferson County, there appears to be a spatial correlation between areas of increased risk
for violent crime and demographic measures of socioeconomic deprivation. The
following subsections will further describe the statistical relationships between topsoil
lead content, measures of socioeconomic deprivation, and the incidence of violent crime
in Jefferson County, KY.

2. The Distribution of Lead Contaminated Topsoil in Jefferson County, Kentucky
Specific Aim 2 was designed to evaluate topsoil lead content between the Study
Area, which had higher than expected rates of FBI designated violent crime, and the three
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Control Areas, which had low to expected rates of FBI designated violent crime, while
controlling for spatial autocorrelation. Results from the spatial error models used to
evaluate topsoil lead content between study collection areas, showed an inverse soil-lead
concentration gradient from the urban-to-suburban environments (i.e. Study Area to
Control Areas). This apparent concentration gradient of topsoil lead content from the
Study Area to the Control Areas may be explained by the phenomenon of atmospheric
lead diffusion from urban-to-suburban environments during the leaded gasoline era. Prior
research has shown that the majority of leaded car exhaust fell within 10 meters of the
roadway. However, smaller exhausted lead particles had the potential to travel on
prevailing winds. The ability of smaller lead particles to be carried by wind explains the
diffusion of atmospheric lead from densely populated urban environments to the less
populated suburban environments (196, 197).
The apparent concentration gradient of topsoil lead content from the Study Area to
the Control Areas may also be explained by the distribution of pre-1950 housing, a
known risk factor for environmental lead exposure (191). In Jefferson County, there are
191 census tracts, 52 of which are in the top quantile for percent pre-1950 housing. The
top quantile for percent pre-1950 housing in Jefferson County is defined as census tracts
where more than 53 percent of housing units were constructed prior to 1950 (256). Of the
52 census tracts in the top quantile of pre-1950 housing, 25 (48%) are located in the
Study Area, 6 (12%) in the Northeast control area, and the remaining 21 (40%) are census
tracts outside of our areas of collection. The Southwest and Southeast Control Areas had
zero census tracts in the top quantile for pre-1950 housing (Table 6 – Appendix A). Out
of 33 census tracts in the Study Area, 25 (75%) have residential areas where more than 53
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percent of the housing units are at risk for lead contamination from remnant lead paint.
This is in comparison to the Northeast Control Area where 6 (15%) out of the 40 census
tracts have residential areas where more than 53 percent of the housing units are at risk
for lead contamination.
The urban-to-suburban concentration gradient in topsoil lead levels has been
observed in numerous studies (237-239). The prevailing theory is that densely populated
urban centers during the first half of the 20th century consumed more leaded gasoline, and
used more leaded paint, compared to less populated suburban environments (236). These
phenomena, the atmospheric diffusion of leaded gasoline exhaust from the urban center,
and the distribution of pre-1950 housing in Jefferson County, may explain why the urban
Study Area and nearby Northeast Control Area had a respective 8.24-fold and a 2.43-fold
increase in topsoil lead levels compared to the suburban referent Southeast Control Area.
This urban-to-suburban concentration gradient in topsoil lead levels may also
explain the non-uniform distribution of FBI designated violent crime in Jefferson County.
Review of the literature suggests that lead contaminated topsoil is a known risk factor for
elevated blood lead levels, especially among the pediatric population (199). Madhavan
and colleagues (1989) found that topsoil lead levels of 250 mg/kg could raise serum
blood lead levels by 2 mcg/dL (257). A report by the CDC (1991) found that for every
1,000 mg/kg of topsoil lead, there is a rise in pediatric blood lead levels of 3-7 mcg/dL
(258). Mielke and colleagues (2007) found that topsoil lead levels ≥ 1,200 mg/kg
predicted a pediatric blood level of 8 mcg/dL (199).
The literature also suggests that elevated blood lead levels are associated with
reductions in IQ, which has been previously shown to have an inverse relationship with
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criminality among all socioeconomic positions (127, 158). Miranda and colleagues
(2007) found that blood lead levels as low as 2 mcg/dL could produce discernible
reductions in academic performance (127, 182). These findings are supported by other
studies which found statistically significant associations in IQ decrement and blood lead
levels < 5 mcg/dL. For example, Bellinger and colleagues (1992) found that over a range
of 0-25 mcg/dL, every 10 mcg/dL increase in blood lead at 24 months of age, resulted in
a long-term 5.8 point reduction in the WISC-R Full-Scale IQ (259). Lanphear and
colleagues (2000) found that for every 1 mcg/dL increase in blood lead level there was a
0.7-point reduction in average math scores, and a 1-point reduction in average reading
scores as measured by the Wide Range Achievement Test – Revised (260). Results from
Bellinger and colleagues (1992) and Lanphear and colleagues (2000), showed that the
sharpest decline in IQ was associated with blood lead levels within the first 5-10 mcg/dL,
which suggests that mildly elevated blood levels are sufficient to reduce intelligence
(259, 260).
Ttofi and colleagues (2016) published a meta-analysis of prospective longitudinal
studies which found an inverse relationship between intelligence and criminality, even
among high at-risk populations (127). Satterfield and colleagues (2007) found that IQ
was protective against adult criminality among all socioeconomic positions (158). Wilson
and Herrnstein (1985) and Hirschi and Hindelang (1977) found that the average
difference in IQ between criminals and non-criminals was 8-10 points (156, 261). This
estimated difference in IQ was also found between one-time criminal offenders and
chronic criminal offenders (262). These findings suggest that intelligence has a protective
effect against criminality.
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The published literature regarding lead contaminated topsoil, reduced IQ and
subsequent violence raises concern regarding the magnitude of lead contamination in
Jefferson County, specifically within the high crime Study Area. A total of 160 topsoil
samples were taken from the Study Area (edge zones plus parks). Of these 160 samples,
36 (22.5%) had topsoil lead levels ≥ 250 mg/kg, a threshold which has been shown to
raise blood lead levels 2 mcg/dL (257). Additionally, of 160 samples, 14 (8.75%) had
lead levels that exceeded 400 mg/kg, the current EPA threshold for safety in play areas,
and 3 (1.8%) of which were ≥ 1,000 mg/kg (maximum lead level of 4,000 mg/kg) (Table
6) (179). If the prior research concerning the relationship between topsoil lead content,
elevated blood lead levels, reduced IQ, and criminality is generalizable to Jefferson
County, then the known topsoil lead burden in the Study Area is sufficient to produce
elevated blood lead levels associated with a significant reduction in IQ, especially among
the pediatric population in high lead contaminated environments.
Reduced IQ, as a risk factor for crime, provides a plausible link between
environmental lead exposure and criminal offending. This, in turn, provides a plausible
explanation for the geospatial association between topsoil lead content and the incidence
of FBI designated violent crime in Jefferson County. The relationship between topsoil
lead content and FBI designated violent crime in Jefferson County will be further
explored in the following subsection.
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3. The Statistical Associations of Topsoil Lead Content and Measures of
Socioeconomic Deprivation on the Incidence of FBI Designated Violent Crime in
Jefferson County, KY
Specific Aim 3 was designed to evaluate whether topsoil lead content was
independently associated with the incidence of FBI designated violent crime in Jefferson
County, KY, while controlling for spatial autocorrelation and other covariates associated
with socioeconomic deprivation and/or violence. This study found that the estimated
mean topsoil lead content was independently associated with the incidence of violent
crime in Jefferson County, KY. These results remained significant even after controlling
for eight covariates of interest (i.e. percent of young males 15-24 years of age and the
census-tract features index). These findings suggest that environmental lead exposure
could be an important risk factor for subsequent criminality.
The results from this study are not entirely unexpected given prior research on the
lead-crime hypothesis. Numerous studies have found positive associations between early
life lead exposure and subsequent criminality (5-9). For example, Wright and colleagues
(2008) found a dose-response relationship between early life lead exposure and adult
criminality, after controlling for maternal IQ, sex, SES, and maternal education (203).
Similarly, Boutwell and colleagues (2016) found that census tracts with the highest
proportion of blood lead levels greater than 5 mcg/dL had an increased incidence of
violent crime compared to census tracts with lower proportions of elevated blood lead
levels, after controlling for census-tract-level measures of socioeconomic disadvantage
(227). Additionally, Boutwell and colleagues (2017) found that a one percentage point
increase in the proportion of children with blood lead levels greater than 5 mcg/dL per
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census tract was associated with a three percent increase in the risk for gun crime,
aggravated assault, robbery, and homicide, after adjusting for census-tract-level measures
of concentrated disadvantage (8).
The plausible mechanism behind the lead-crime hypothesis is lead’s innate
neurotoxic effects. Prior research has shown that pre-natal and early life lead exposure
may disrupt brain organogenesis, leading to alterations of the serotonergic system, and an
attenuation of the pre-frontal cortex (10, 11, 204). Alterations of the serotonergic system
and the pre-frontal cortex have been associated with conduct disorder, impulse inhibition,
cognitive reappraisal, empathetic concern, moral decision making, and intelligence; all
risk factors for violence (48, 51, 204).
While there are likely many unknown risk factors for the distribution of violent
crime in Jefferson County, results from this study found a spatial relationship between
estimated mean topsoil lead content, demographic measures of socioeconomic
deprivation, and the incidence of FBI designated violent crime. These results suggest that
topsoil lead content may be an important pathway for early life lead exposure, an
environmental exposure associated with subsequent violent behavior (5-9).

4. Strengths and Limitations
This study has several strengths worth mentioning. To the best of our knowledge,
this is the only study that has evaluated the relationship between topsoil lead levels and
the incidence of FBI designated crime. While the design of this study is ecological in
nature, and therefore prohibits causal inferences about individuals, the underlying leadcrime hypothesis is underpinned by a litany of scientific evidence that has demonstrated
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the neurotoxic effects of lead (10, 11). Additionally, there is a growing body of
epidemiological evidence that has found positive associations between early life lead
exposure and subsequent violent behavior (5-9).
A second strength of this study includes the methods that were used for specifying
the Study Area and the Control Areas. The LMPD – Crime Information Center was able
to provide the exact latitude and longitude of every crime location in Jefferson County.
The availability of this information enhanced the precision of crime cluster specification
via the Kulldorff spatial scan statistic. This in turn allowed for larger control areas, which
by default, were more socioeconomically heterogenous. Additionally, the use of the
Kulldorff spatial scan statistic is a validated method for spatial-temporal cluster analysis.
A third strength of this study includes methods for topsoil selection and analysis.
Randomization for sample locations among the edge zone and park topsoil collection
sites was achieved by using the R sample function. This prohibited topsoil collection
selection bias based upon a priori knowledge from the background investigation of
pediatric serum lead levels procured from the Louisville Metro Department of Health and
Wellness. Additionally, the use of the ESS Lock N’ LoadTM topsoil collection system
produced depth and volumetric consistency between all 412 samples. Finally, topsoil lead
content was evaluated by ICP-MS, a validated method for topsoil metallurgical analysis
(232).
A fourth strength of this study includes the methods of statistical analyses. This
study used spatial error modeling and Bayesian sparse spatial generalized linear mixed
modeling (SGLMM), to evaluate topsoil lead content and crime, while controlling for
spatial autocorrelation. The use of these models controlled for the inherent spatial
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dependency among the four topsoil collection areas, which improved regression inference
compared to traditional modeling. Because the model results herein have adjusted for
spatial autocorrelation, they are to some extent protected from type I error, a known
statistical phenomenon when spatial autocorrelation is present but not methodologically
controlled (263). Finally, the SGLMM utilized principal components analysis (PCA) to
create a census-tract-features index, to simultaneously evaluate seven census-tract-level
measures of socioeconomic deprivation, while controlling for multicollinearity (264).
The fifth and final strength of this study includes the agreement among the results.
The results of this study used both actual and estimated mean topsoil lead levels per
census tract. The relationship between topsoil lead content, whether actual or estimated,
remained statistically significant across their respective models (Table 5 and 7). Subanalysis regarding the estimated mean topsoil lead content and each specific crime type,
remained statistically significant even after adjusting for the census tract features index
and percent of the male population 15-24 years of age (Table 8). The consistent
agreement between models lends evidence in support for further research into the leadcrime hypothesis.
Although there are several strengths worth mentioning, this study was not without
its limitations. The primary limitation of this study is its ecological design, which
prohibits inferring a direct causal relationship between individual perpetrators of violence
and their prior environmental lead exposure. The results of this study merely suggest a
plausible relationship between topsoil lead content and the incidence of FBI designated
violent crime.
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The second limitation of this study is that it only had access to the known crime
events reported by the LMPD. While the LMPD crime dataset contained 21,097
individual crime events reported between 2012-2016, it is possible that some violent
crimes were not reported to the police. For example, a report from the U.S. Department
of Justice found that up to 65 percent of rapes and sexual assaults go unreported each
year (265). Additionally, Sumner and colleagues (2015) estimated that 7 million cases of
child maltreatment including forms of physical and sexual assault go unreported each
year in the United States (266). If these findings are generalizable to Jefferson County,
then the ‘true’ distribution of FBI designated violent crime may be different compared to
the Kulldorff spatial scan statistics that were used to establish the Study and Control
Areas for topsoil collection. While these unreported crimes will impact our estimates of
the overall number and rate of crime events, the impact on our estimates of the
relationship between crime rates and soil lead level will be determined by differences in
the reporting rates across the census tracts. If the reporting rate is similar across all tracts
(as would be expected for homicides), our estimates of lead level effects should be fairly
accurate.
The third limitation of this study deals with the topsoil samples. While 412 topsoil
samples were collected for this study, they may be a poor estimation of the actual lead
burden in Jefferson County. For example, Jefferson County is approximately 1,030
square kilometers (267). The total actual area sampled from all 412 topsoil samples is
less than one square meter. Another limitation of this study is that the edge zone soil
samples might not represent the true environmental hazard from residential lead
contaminated topsoil. This might be especially true among pre-1950 housing where
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contaminated topsoil from remnant lead paint may more closely approximate to play
areas and/or entry ways, compared to edge zone lead contaminated topsoil.
The fourth limitation of this study is the lack of a sensitivity analysis concerning
the modifiable areal unit problem (MAUP) as described by Openshaw (1984)(268).
While all analyses conducted in this study were consistent at the census-tract-level, it is
possible to aggregate data by a different areal unit. For example, census block groups or
other grid-cell modeling could have been used in addition to census tracts (269).
Although other areal units are available, census tracts were used throughout this study
due to their ease of interpretation within county boundaries, shape consistency over time,
and increased precision (i.e. smaller standard errors) relative to their composite census
block groups (270, 271).
The fifth and final limitation of this study includes the absence of a Gini
coefficient. While the SGLMM included a census tract features index which included the
median household income as part of the adjustment for socioeconomic deprivation, this
index did not directly control for the distribution of wealth, as evaluated by the Gini
coefficient. Prior research has shown that the Gini coefficient may be a better predictor of
violence and/or criminal behavior compared to poverty (272, 273).

5. Conclusions
Environmental lead exposure remains an important public health hazard. Lead
contaminated topsoil along residential edge zones may be an under-appreciated
environmental risk factor associated with violent behavior. This study utilized several
statistical methods, including spatial error modeling, empirical Bayesian kriging, and
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SGLMM, to further evaluate the spatial association of lead contaminated topsoil and the
incidence of FBI designated violent crime.
Findings from this study suggest that lead contaminated topsoil is spatially
associated with the incidence of FBI designated violent crime in Jefferson County, KY.
Results from this study found an approximate 8-fold increase in topsoil lead levels from
the high crime Study Area, to the low to expected crime rate referent Control Area. After
controlling for eight covariates of interest, topsoil lead content remained a statistically
significant predictor of violent crime. The spatial association of topsoil lead content and
violent crime, along with the plausible biological mechanisms that underpin the leadcrime hypothesis, suggests that lead contaminated topsoil may be an important early life
risk factor for violent behavior. Future studies should assess the spatial association
between residential drip line topsoil lead content and/or elevated pediatric blood lead
levels to the incidence of FBI designated violent crime.
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APPENDIX A – Supplemental Tables

Table 1.

Serum Lead Data from the Louisville Metro Department of Health
and Wellness
Geometric
n
Min P25
Med
P75 Max
Mean
Serum Lead
26,027
1.51
1
1
1
2
60

Serum lead measured in mcg/dL; Min, minimum; P25, 25th percentile; Med, median; P75, 75th percentile;
Max, maximum count;
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Table 2.
Standard Deviation
Proportion of Variance
Cumulative Proportion
PC, Principal Component

Summary of Principle Components Analysis
PCI-1

PCI-2

PCI-3

PCI-4

PCI-5

PCI-6

PCI-7

2.18
0.68
0.68

1.08
0.17
0.85

0.67
0.06
0.91

0.59
0.05
0.96

0.37
0.02
0.98

0.33
0.02
0.99

0.21
0.01
1.00

Principle Components Analysis Rotation Scores
PCI-1
PCI-2
PCI-3

Table 3.

Median Household Income
Percent Population with Bachelor’s Degree
Percent of Population that is Black
Percent Female Head of Household
Percent of Households with Dependents < 18 years of age
Percent of Households on Food Stamps
Percent of Households Living in Poverty

0.39
0.38
-0.40
-0.42
-0.07
-0.44
-0.41

0.37
0.03
0.06
0.23
0.89
-0.03
-0.04

PC, Principal Component; PC scores have been rounded to two decimal places
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Table 4.

Intercept
Study
Northeast
Southwest
Southeast

Results Spatial Error Models for Edge Zone and Distance to Urban Core
Edge Zone Soil Samples
Coefficients
95% CI
P-value
Distance to Urban Core
16.79
(10.49, 26.88) < 2.2e-16
8.24
2.43
1.35
ref

(5.12, 13.27)
(1.55, 3.81)
(0.80, 2.29)
--

< 2.2e-16
0.0001
0.2551
--

-12.79 Kilometers
19.20 Kilometers
23.73 Kilometers

95% CI, 95% confidence interval;
Table coefficients have been exponentiated back to their original measurement scale;
Distances are measured from the geometric center of each Control Area to the geometric center of the Study Area

-0.23
-0.78
-0.41
-0.04
0.14
-0.17
-0.35

Table 5.

Intercept
Study
Northeast
Southwest
Southeast

Results Spatial Error Models for Louisville Metro Parks and Distance to Urban Core
Edge Zone Soil Samples
Coefficients
95% CI
P-value
Distance to Urban Core
12.70
(8.02, 20.09)
< 2.2e-16
8.06
1.72
1.27
ref

(4.76, 13.67)
(1.03, 2.89)
(0.69, 2.32)
--

< 8.66e-15
0.03763
0.43068
--

-12.79 Kilometers
19.20 Kilometers
23.73 Kilometers

95% CI, 95% confidence interval;
Table coefficients have been exponentiated back to their original measurement scale;
Distances are measured from the geometric center of each Control Area to the geometric center of the Study Area
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Table 6.
Soil Collection Area

N

Study Area
Northeast Control Area
Southwest Control Area
Southeast Control Area

33
40
15
21

Census Tracts and Pre-1950 Housing
Top Quantile of
Percent - Top Quantile
Pre-1950 Housing
Pre-1950 Housing
25
75.75%
6
15%
0
0%
0
0%

Top quantile of pre-1950 housing is defined as more than 53% of residential structures per census
tract built prior to 1950

APPENDIX B – Supplemental Illustrations
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Illustration 1.

Increased Risk of Elevated Pediatric Blood Lead Levels and Pre-1950 Housing
Jefferson County, Kentucky

120
Percent Pre-1950 Housing per
Census Tracts
Relative Risk: 8.55
0% - 3.26%
3.27% - 8.36%
8.37% - 53.89%
Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files; ACS 2014; Louisville Metro Department of Public Health & Wellness

53.9% - 88.86%

Illustration 2.

Percent Households Living in Poverty
Jefferson County, Kentucky

Northeast Control Area

Study Area

121
Southeast Control Area

Percent Households Living in Poverty
per Census Tract

Southwest Control Area

0% - 3.79%
3.8% - 10.1%
10.11% - 21.91%
21.92% - 88.9%

Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files; ACS 2014; LMPD Crime Information Center

Illustration 3.

Percent Female Head of Household
Jefferson County, Kentucky

Northeast Control Area

Study Area
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Southeast Control Area

Percent Female Head of Household
per Census Tract

Southwest Control Area

0% - 8.69%
8.7% - 12.25%
12.26% - 20.7%
20.71% - 52.13%

Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files; ACS 2014; LMPD Crime Information Center

Illustration 4.

Percent Young Males 15-24 Years of Age
Jefferson County, Kentucky

Northeast Control Area

Study Area
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Southeast Control Area

Percent Young Males 15-24
Years of Age per Census Tract

Southwest Control Area

0% - 4.76%
4.77% - 5.91%
5.92% - 7.43%
7.44% - 32.85%

Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files; ACS 2014; LMPD Crime Information Center

Illustration 5.

Percent Bachelor's Degree
Jefferson County, Kentucky

Northeast Control Area

Study Area
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Southeast Control Area

Percent with a Bachelor's Degree
per Census Tract

Southwest Control Area

0% - 6.89%
6.9% - 14.08%
14.09% - 26.87%
26.88% - 42.96%

Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files; ACS 2014; LMPD Crime Information Center

Illustration 6.

Median Household Income
Jefferson County, Kentucky

Northeast Control Area

Study Area
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Southeast Control Area

Median Household Income
per Census Tract

Southwest Control Area

$0.00 - $30,328.00
$30,328.01 - $45,950.00
$45,950.01 - $63,750.00
$63,750.01 - $137,278.00

Map Author: Brian Guinn
Data Source: US Census TIGER/Line Files; ACS 2014; LMPD Crime Information Center
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